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Part 1

Executive Summary

1 Overview

The FCC’s September 2012 Notice of Proposed Rulemaking (“NPRM”) proposes an am-
bitious plan to create a marketplace in which spectrum currently licensed for broadcast
television can be repurposed for more highly valued mobile wireless use. This “Incentive
Auctions” proposal involves using auctions to determine which users value the spectrum
most highly, license spectrum to these users, and compensate current licensees who relin-
quish spectrum rights. The FCC has conducted many spectrum auctions in the past. But
this is the first time an auction to sell spectrum rights is to be combined with an auction to
purchase spectrum rights from existing licensees. Designing such a marketplace is compli-
cated not only by incumbent claims on the spectrum, but also by technological constraints
for mobile wireless and broadcast television uses.

Broadly speaking, there are two components of the proposed auction design: (1) a re-
verse auction in which current broadcast television licensees can offer to sell their licenses;
and (2) a forward auction in which mobile wireless carriers may offer to purchase licenses.
The quantities of spectrum transferred from broadcast television licensees to wireless carriers
in each geographic area will be determined through a sequence of trials, starting with high
target quantities that subsequently decline as necessary. Payments and spectrum realloca-
tions take place only when a target quantity is identified at which wireless carriers are willing
to buy at prices generating revenues that exceed the total cost of purchasing from broad-
cast television licensees. Indeed, because remaining broadcast television licensees must be

“repacked” into another region of the frequency spectrum in order to create a viable wireless



spectrum band plan, buyers will be required to pay prices sufficient not only to compensate
sellers, but also to cover repacking costs and costs of administering the auction itself.

The need to repack TV licensees without creating interference introduces significant com-
plications to the design of a reverse auction. Repacking constraints are “global,” in the sense
that placing a broadcaster in one market in a particular frequency can affect the feasibility
of placing broadcasters in the same or nearby frequencies in other markets. For exam-
ple, Washington, D.C. and Philadelphia, PA are sufficiently proximate that use of a UHF
channel in one may preclude use of the same channel in the other market. For the same
reason, decisions regarding channel usage in Philadelphia are also likely to affect New York
City, which then may affect Bridgeport, CT, and then Boston, MA. Similarly, a Washington
D.C. assignment may affect feasible assignments in Baltimore, MD and possibly Richmond,
VA. Thus, channel usage can have a “daisy-chain” effect that can link major metropolitan
areas—as well as smaller communities—that are hundreds of miles apart.

There is considerable variation across markets in the density of broadcast television li-
censees, as well as within-market variation in stations’ “contours”—geographic coverage
areas, which must be substantially maintained after repacking. Further, cross-market vari-
ation in the willingness of TV licensees to go off the air creates challenges to designing a
viable nationwide band plan, and introduces the likelihood that the prices required to clear
a given quantity of spectrum will vary substantially across markets.

The main auction design proposal was developed in Milgrom, Ausubel, Levin, and Se-
gal (2012) (“MALS”). The authors are prominent economists with extensive experience in
market design, including the design of prior FCC spectrum auctions. They propose the use
of “clock” auctions in both the forward and reverse auctions. In a clock auction, prices
are offered by the FCC. Bidders respond by indicating the trades they would like to make
at those prices. Prices are then adjusted (e.g., upward in the forward auction), and the

process continues until the trades desired by all bidders match the trades that are available.



The term “clock” refers to the fact that price offers are made by the “auctioneer” (here, the
FCC), not by bidders. Bidders’ choices in the auction are limited to expressions of quantities
that would be demanded or supplied at the current price offers. Relative to other types of
auction designs, including the Simultaneous Multi-Round (SMR) auction used in prior FCC
spectrum auctions, a clock auction offers a number of advantages, including simplification
of bidding and assurance that the auction keeps moving toward a final allocation.

The reverse auction would begin with provisional target quantities of spectrum to be
cleared in each market. Although there would be a single nationwide reverse auction, it will
utilize different clocks for each market and each relinquishment option—e.g., go off the air,
share with another station, or move to a lower band. The option to “remain in the current
band” (i.e., to be repacked) is always available as well. Bidders who do not participate in
the auction are automatically assigned to this option. Participation in the auction is strictly
voluntary. Clock prices may differ across bidders within a market and may move at different
speeds, due to differences in coverage areas, in the feasibility of each option, in the costs of
repacking, or in the effect of repacking one station on the ease of repacking others.

The auction clocks begin with high initial (“reserve”) prices chosen by the FCC for each
feasible relinquishment option in each market. Each bidder selects the option he! finds most
attractive at these prices. Roughly speaking, prices are then lowered, bidders again express
their preferences, and the process iterates until prices reach a level just low enough that the
quantity of spectrum offered in each market equals the target quantity.

Complicating this simple description is the fact that feasibility considerations will limit
repacking options. Each clearing target determines the amount of spectrum available for
repacking bidders who choose to stay on the air. Before prices are adjusted during the
auction, the feasibility of repacking each remaining bidder (i.e., the feasibility of adding that

bidder to the set to be repacked) must first be checked. If it becomes infeasible for a given

'For clarity we use “he” to refer to bidders despite the fact that bidders are firms.
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bidder to be repacked, his current relinquishment offer will be provisionally accepted at the
current clock price for that option. The feasibility checking iterates until it is the case that
each remaining bidder could feasibly be repacked. Only at this point do clock prices decline
for these remaining bidders.

In the proposed forward clock auction, the FCC would simultaneously offer licenses in
every market. Here the proposed notion of a market is an Economic Area (“EA”) as defined
by the Bureau of Economic Analysis. There will typically be more than one class of license
available in each market; e.g., licenses for 10MHz of “paired” spectrum (5 MHz for wireless
uplink, 5MHz for downlink), and licenses for 5MHz of unpaired (downlink only) spectrum.
Licenses for different combinations of EA and class are treated as distinct objects and will
have different clocks. Multiple units of each object, corresponding to specific frequencies,
will typically be available. However, all units of the same object are treated as generic. At
the beginning of the auction, all objects are given low initial (reserve) prices by the FCC.
Potential buyers respond to these prices by specifying the number of units of each object
that they would wish to purchase at these prices. Prices for objects with excess demand
(demand that exceeds the available supply) then rise, and bidders indicate their demands at
these new prices. This process continues until the quantity of spectrum demanded in each
market is no larger than the associated target quantity. Thus, the forward auction stops at
prices just high enough to eliminate excess demand relative to the target quantities.

At this point, the total revenue that would be generated nationwide by selling the target
quantities at the forward auction prices are compared to the total cost of purchasing the
same quantities at the provisional reverse auction prices. The difference between the total
nationwide revenue and total nationwide cost is the net revenue that would be generated at
the current clearing target. If this net revenue is sufficient to cover the expected nationwide
repacking costs, the “grand auction” ends, licenses are reallocated, and all payments are

made. If the net revenue is insufficient, there is a provision for continuing the forward



auction to determine whether there are higher prices that forward auction bidders are willing
to accept and which would close the gap. If this closing trial fails, the clearing targets are
reduced. The reverse auction then resumes, pushing prices lower until supply is equated
to the new target. Symmetrically, the forward auction resumes, with prices rising until
demand is equated to the new targets. Net revenue is checked and the grand auction either

terminates or resumes with still lower clearing targets.

2 Strengths of the Proposal

The proposed design has a number of significant virtues.

Simplicity A clock auction keeps the decisions for a bidder as simple as possible: a bidder
need only choose the trades he would like to make at the prices currently offered. In the
reverse auction, this means choosing one from a short list of relinquishment options, including
the option to remain on the air in one’s current band. For the forward auction, this means
choosing the types and quantities of licenses the bidder would wish to purchase if the current
clock prices turn out to be the final prices. The use of generic licenses provides additional
simplicity by avoiding artificial distinctions between substantially identical licenses.
Simplicity is one of the dimensions in which the proposed design appears to be a significant
improvement on the SMR design used in the previous (“forward”) FCC auctions. We discuss
the SMR auction in more detail below. Simplicity is also a substantial advantage of the
clock design relative to the theoretically attractive but highly opaque Vickrey-Clark-Groves
(VCG) auction. In a VCG auction it can be difficult for bidders to understand how their

actions translate to outcomes during the auction.



Success The clock auction design ensures that the auctions will proceed to termination
in reasonable time and will terminate at a feasible allocation.?  Some alternative auction

designs can stall or proceed only very slowly.

Transparency Identical licenses will trade at identical prices. No bidder will discover
that he was excluded despite offering a price more favorable than that at which a similarly
situated bidder was allowed to trade. These properties need not hold in a VCG or SMR

auction.

Price Discovery In the forward auction, many licenses are offered simultaneously. A
bidder’s valuation of a particular license may depend on which complementary licenses he is
also able to acquire. Further, the desirability of one combination of licenses will depend on
the prices at which alternative combinations are available. In a multi-object clock auction,
clock prices provide valuable feedback along the way about where all prices are likely to end
up. This facilitation of “price discovery” can enable bidders to focus on the most relevant sets

of licenses and to reoptimize their spectrum aggregation strategies as the auction proceeds.

Competition  The auction design allows bidders on both sides (forward and reverse) to
compete on even footing for the most valuable use of the spectrum. No particular type
of bidder is treated more favorably than another. And no spectrum is set aside for either
use: bids determine the quantity of spectrum allocated to mobile wireless vs. broadcast
television. Combined with the use of generic licenses in the forward auction, which avoids
artificial thinning of competition, these features will encourage efficiency of the final spectrum

allocation.

2This assertion is subject to potential computational challenges, disccussed below, that are associated
with determining the feasibility of repacking each television licensee that has not already dropped out of the
auction.



Limited Scope for Manipulation We see little scope for manipulation that could un-
dermine the efficiency of the allocation or limit revenues generated. This contrasts, for
example, with the SMR design, which is susceptible to collusion, signaling, and entry by

speculators who can harm both revenues and efficiency.

3 Concerns

We see many favorable features of the MALS proposal and believe it is the best starting
point from which to design the details of the incentive auctions. Nonetheless, there are
several features that give us concern. Below we discuss a few of the most important issues.
In the subsequent section we summarize several proposed modifications that we believe can

address these concerns.

3.1 Forward Auction

Exposure Risk Our most serious concern with the proposed forward auction design is
its treatment of complementarities between licenses. Such complementarities will exist for
many (perhaps the vast majority of) forward auction bidders: any bidder who will wish
to assemble coverage over regions larger than a single EA. The clock auction design allows
bidders to pursue packages of licenses, but only by offering to buy each individual license
that is part of the desired package. Such a strategy becomes problematic when the value of
one license is highly dependent on whether other licenses in the package are also acquired.
Consider, for example, a bidder seeking to obtain a coverage footprint in the Philadelphia
Major Economic Area (“MEA”), which is comprised of three EAs. Under the MALS auction
design, such a bidder would have two options. One is to aggressively pursue all three EA
licenses, offering to buy all of them as long as the total cost stays below the value these

licenses have to him as a whole. This can be a very risky strategy. It is possible that the



clock stops for one of the EA licenses while prices for the other two rise to levels that make
the package unprofitable. A bidder following the aggressive strategy would be stuck: he
would be forced to make good on his offer to purchase the first license. This license alone
might not allow a viable service offering, but the bidder would be forced pay a price that
he agreed to under the assumption that he would be able to offer coverage throughout the
Philadelphia MEA. The risk of this highly unprofitable outcome is known as “exposure risk”
or the “exposure problem.”® It is a serious problem for firms seeking to offer service in any
area larger than a single EA.

The other option for such a bidder is to bid conservatively, avoiding the exposure risk.
This is also undesirable. It can lead to inefficient allocations (if the most valuable use of the
spectrum is as part of a package) and to reduced revenues (even if the most valuable use is
not in packages). Revenues are of particular importance here due to the interaction between
the forward and reverse auctions. Unlike prior FCC auctions, here revenues and efficiency

cannot be separated.

Frequency Contiguity A second major concern is that the NPRM and MALS proposals
do not make adequate provisions for bidders to obtain contiguous blocks of spectrum. Two
types of frequency contiguity are important. First, within a geographic area, wireless service
providers seeking to offer LTE or LTE-Advanced services desire significant blocks of spectrum
in adjacent frequencies. We understand that such wvertical contiguity is essential to optimal
performance of these technologies. Second, bidders seeking coverage areas encompassing
multiple EAs desire licenses in identical frequencies in each EA. We understand that such
horizontal contiguity minimizes interference at boundaries and allows use of more efficient
network deployment.

The current proposals for assigning individual licenses to winners of generic licenses in

3See, for example, the extensive discussion of the exposure problem in the edited volume of Cramton,
Shoham, and Steinberg (2010).



each EA may address the need for vertical contiguity within a single EA. But they would
not allow bidders to express their broader needs for frequency contiguity. For example,
the proposed random assignment of specific frequencies to winners in each EA virtually
guarantees a lack of horizontal contiguity. The result would be a reduction in bidders’
willingness to pay, inefficiently low quantities of spectrum cleared, and inefficient allocation

of the spectrum that is cleared.

Other Sources of Misallocation: The Overflow Problem We have already discussed
potential misallocation arising from the exposure problem and the needs for frequency conti-
guity. In some cases misallocation may take the form of undersell—failure to sell some units.
Misallocation can also arise from other sources. Some, like the possibility that market clear-
ing prices do not exist—are inherent to any allocation mechanism with anonymous prices.
However, at least one additional source of misallocation is particular to the MALS design,
which provides no language for bidders to express whether their demand for a particular
license is driven by interest in a larger bundle of licenses. Without such language, bidders
seeking small groups of licenses can face rising prices even when their own demands are not
a source of scarcity.

An example will illustrate the problem. Consider the Boston MEA, which includes the
Bangor, Portland, and Boston EAs. Suppose that six 10MHz paired licenses are available in
Bangor and Portland, but only five in the Boston EA. This implies that at most five bidders
could obtain MEA-wide coverage. Suppose that at some point in the auction “regional
bidders” seeking MEA-wide coverage (or coverage in a larger area that includes the MEA)
are demanding seven licenses, while there is only one Portland EA license demanded by a
firm seeking coverage in Portland alone. Suppose the regional bidders have an all-or-nothing
strategy in this MEA: they are not interested in any strict subset of the 3 EAs. In such a

situation, we would like the auction to “hold on” to the offer of the Portland-only bidder: we



know that only five units of demand from the regional bidders can be satisfied. So selling all
licenses requires allocating to the Portland-only bidder. However, under the MALS design,
the auction will count eight units of demand for the Portland license, conclude that this
license is in excess demand, and raise its price. This will force the Portland-only bidder to
either pay a higher price or exit, even though his demand is not a source of scarcity. This
will tend to force such a bidder out of the market unnecessarily.

We term this phenomenon the overflow problem. With a richer bidding language, the
auction design could account for feasibility constraints and limit the extent to which demand
for large packages “flows down” to be counted as demand for the smaller packages and
individual licenses nested in the larger package. Without such a language, too much demand
flows down. This creates artificial competition for smaller bidders. This bias against smaller

bidders will lead to undersell and/or inefficient allocations of licenses.

3.2 Reverse Auction

Computational Complexity Fully optimal clearing of a given target quantity of spec-
trum would minimize the total costs of clearing and of repacking television broadcasters who
remain on the air. Reaching this fully optimal solution is certainly infeasible. An immediate
problem is that the reservation values of broadcast TV licensees are unknown. Licensees
must volunteer to sell and will not oblige if asked to reveal their true reservation values so
that the efficient quantity of spectrum could be cleared at the lowest possible cost. This
incentive compatibility constraint alone makes it impossible to pay each cleared television
licensee the lowest price he would accept for his license. A second problem is the compu-
tational complexity involved in finding a cost-minimizing allocation. This complexity arises
from the effect of repacking one station on the feasibility (or cost) of repacking others. Even
if bidders’ reservation values were known to the FCC, the cost minimization problem is

an integer programming problem of a type known to be computationally hard in general.
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The unique challenge in the reverse auction design is to handle adequately both incentive
compatibility and computational feasibility while also keeping the rules sufficiently simple
and transparent. Here, issues of auction design and computational considerations are in-
tertwined in a way that has not previously been well explored in the theory or practice of
auction design.

The clock auction proposed by MALS offers one possible approach. Taking bidding
strategies as given, it replaces minimization of total cost with minimization of payments to
cleared licensees, subject to sequential verification of repacking feasibility. As long as more
bidders than necessary are volunteering to be cleared, prices fall, leading to repacking of
bidders with the highest reservation values. In the simplest form of the proposed design,
repacking constraints would enter only through verification that it is feasible to repack a
bidder before he is offered a new set of prices. This approach puts priority on the cost
of clearing relative to the cost of repacking. Only when it is infeasible for a bidder to be
repacked would the auction allow repacking costs to affect the choice of which broadcasters
are to be cleared. Possible variations include using repacking constraints to adjust relative
clock speeds or to score bidders’ offers. This would allow repacking costs to play a larger
role, but repacking would still be done sequentially, possibly leading to suboptimal choices.
The degree of suboptimality may depend heavily on the nature of the repacking constraints,
about which the FCC has thus far released little information.

Further, the MALS clock auction does not avoid significant computational challenge.
Formally, feasibility checking takes the form of a “graph coloring problem,” which is known
to be computationally hard in the worst case. Without knowing the fine details of repacking
constraints, it is impossible to determine whether the feasibility checking required by the
MALS proposal is itself computationally feasible.

The NPRM also entertains other types of reverse auction designs, where full optimization

over bids and repacking costs might play a more prominent role. Few details are provided,
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making a careful analysis of such options difficult. However the discussion in the NPRM
suggests the possibility of a tradeoff between computational complexity and optimality of
alternative auction designs. Whether there is such a tradeoff—and where particular proposals
lie on (or inside) the frontier—is unclear however, again because the NPRM is vague about
the nature of the repacking constraints and imprecise about the amenability of this type
of constrained optimization problem to solution using standard algorithms or specialized
algorithms adapted to the features of the repacking problem.

Without details of the repacking constraints, it is impossible to evaluate the computa-
tional complexity of alternative auction designs, or to evaluate their performance in terms

of expenditure, quantity of spectrum cleared, and efficiency.

Real-Time Feasibility Checking A potentially significant drawback of the proposed
reverse clock auction is its requirement of real-time feasibility checking. As already noted,
feasibility checking is likely be computationally challenging. Requiring that this be done in
real time as the auction proceeds may be especially demanding. Because the feasibility of
repacking must be checked for each bidder every time clock prices are to be decremented,
there will be many opportunities for the auction to stall or even fail altogether, due to
computational delay or failure. This may lead to the use of approximate solutions, harming

efficiency.

Delay and Uncertainty Due to Target Failures. Because the FCC seeks to find the
maximum quantity of spectrum that should be reallocated, the initial clearing targets will
almost certainly be too high. It is likely that several clearing targets will need to be tried
before reaching one that satisfies the closing conditions for the grand auction.

Under the current rules, each time the target is reduced, the forward auction must pause
while reverse auction bidders are reconvened in order to obtain new “supply” prices for the

reduced target quantities. In addition to the burden this creates for bidders, this feature of
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the auction design will delay completion of the grand auction. It may also introduce uncer-
tainty for reverse auction bidders, since truthful bidding would require some broadcasters to

take actions that commit them to assignments days or weeks ahead of other bidders.

3.3 Closing Rules

The MALS proposal recognizes that the forward and reverse auctions could stop at prices
that lead to failure of the net revenue requirement even when some bidders would be willing
to improve their offers enough for the revenue requirement to be met. Some inefficiency of
this type is unavoidable, due to incentive compatibility constraints (Myerson and Satterth-
waite (1983)). However, separation of the forward and reverse auctions leads to greater
inefficiency than necessary. Although the purpose of the incentive auctions is to allocate
scarce spectrum competitively, a clock auction in the forward market induces competition
only between mobile wireless carriers. Forward auction bidders compete to be among the
provisional winners, but do not compete directly with sellers for final ownership of spec-
trum. Likewise, a reverse clock auction creates competition only between current broadcast
television licensees. Reverse auction bidders compete to be provisional sellers, but the two
sides never compete directly to determine how much spectrum should be transferred from
potential sellers to potential buyers. The result is that both the forward and reverse auction
will tend to stop too soon, i.e., at prices that are unnecessarily low in the forward auction
and unnecessarily high in the reverse auction.

This is recognized in the MALS proposal and underlies their suggestion that, when net
revenue falls short, the forward auction would continue—prices would continue rising until
either the revenue target is reached or total demand falls. This closing trial would allow
provisional winners in the forward auction to express their willingness to offer better prices
when necessary to ensure that they are allocated the licenses they seek. This is an important

addition to the design. However there is no such provision for the supply side: reverse
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auction bidders lack the corresponding opportunity to improve their price offers to ensure
that profitable sales take place. Even if there are reverse auction bidders who would like to
offer prices substantially below those set by the reverse auction (recall that these prices are
the maximum prices that clear the fixed target), those bidders will have no opportunity to
express this. The result will be unnecessary inefficiency. Some trades that both buyers and
sellers would like to make will not take place. The total quantity of spectrum shifted from

broadcast television to mobile wireless will be inefficiently (and unnecessarily) low.

4 Key Proposals

We offer a number of specific proposals aimed at addressing the concerns described above,
as well as others discussed in more detail below. Here we describe the most important of

these proposals.

4.1 Forward Auction

Clock Package Auction To address several concerns, including those relating to expo-
sure, horizontal contiguity, and the overflow problem, we propose a variation of the MALS
forward auction in which prices are offered not only for EA licenses, but also for a pre-
specified set of packages. For example, the “objects” offered in the auction might be licenses
for each EA, for each Major Economic Area (MEA), for each Regional Economic Area Group
(REAG), and for the entire United States. Within the fifty states there are 172 EAs, which
lie in 48 MEAs, and 8 REAGs. Thus, relative to the original design, the number of objects
for sale would expand only marginally.

As with the MALS proposal, clock prices would start low, with bidders expressing their
demands at each set of prices. Prices rise on objects with excess demand until reaching a level

at which demand no longer exceeds supply. ~When possible, prices of packages will equal
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the sum of the prices of the package components. However, when feasibility constraints and
strong demand for packages necessitate, the package price may exceed the sum of component
prices. This ensures that package bidders have no advantage or disadvantage relative to
bidders seeking individual licenses and encourages straightforward bidding.

We call this proposed design the Clock Package Action (“CPA”).* Tt departs only
modestly from the original MALS design, but addresses several of our most important con-
cerns. Important to our proposal is that packages are specified as consisting of horizon-

tally frequency-contiguous spectrum.’

By allowing bidders to make offers for horizontally
contiguous packages, the CPA provides a way for bidders to express the substantial com-
plementarities between individual licenses that may be dependent on horizontal frequency
contiguity.

To the extent that the offered packages cover the packages of interest to bidders, the CPA
also addresses the problem of bidder exposure arising from geographic complementarities. A
bidder interested in a package can bid on the package without risk: if the price climbs to a
level that exceeds his valuation of the package, he will be free to stop demanding the package
and redirect his interest elsewhere. The CPA also avoids the overflow problem by enriching
the bidding language in a way that permits accounting for all feasibility constraints when
calculating excess demand. Although there is no strict dominance relation between the CPA

and the MALS forward auction design in terms of efficiency or revenue, a simulation study

suggests that substantial efficiency and revenue gains from using the CPA may be likely.

Re-Offer Unsold Licenses Whatever the design of the forward auction, there is a signif-
icant possibility that some cleared licenses will remain unsold. MALS refers to such unsold

licenses as “residue.” We give several examples in the text below. An important question is

4This is distinct from what has sometimes been called the “Package Clock Auction,” a version of what
we call “Combinatorial Clock Auction” below.

®We discuss possible relaxations in the body of our report.

15



whether unsold licenses should be re-offered by the FCC. This question is less simple than
it may initially seem. On one hand, unused licenses are an obvious source of inefficiency,
and selling them also generates additional revenues. On the other hand, anticipation of an
opportunity to bid for unsold licenses could distort bidding behavior in the primary auction.

Short of using a VCG mechanism for the forward auction (which we do not recommend),
we see no way to completely avoid these opposing concerns. However, we believe the scope
for distortion of incentives will be limited when only unsold licenses are to be re-offered
after the primary clock auction. Incentives for manipulation may be further reduced if
the decision whether to re-offer licenses is left to the discretion of the FCC. We therefore
recommend that the FCC preserve the option to re-offer unsold licenses. Revenues generated
by such sale should be included in the determination of closing conditions.

We recommend use of another clock auction if unsold licenses are re-offered. As long as
the Clock Package Auction is used in the primary auction, we believe this will adequately
address issues of exposure risk and needs for frequency contiguity. We therefore believe
that the supplemental auction could be implemented using the original MALS forward clock

auction design.

4.2 Reverse Auction

Single-Pass Reverse Auction An alternative to the sequence of reverse auctions (at
declining targets) proposed by MALS is reverse auction conducted in a single pass. The
simple idea is that instead of stopping the auction when prices clearing the first provisional
clearing target are reached, the auction would continue and trace out the “supply curve”
over the range of potential clearing targets.

In our baseline single-pass proposal, the mechanics of the reverse auction would be iden-
tical to that of a single reverse auction in the original design. Suppose that the FCC believes

that the feasible range of cleared channels per market is between 8 and 16. The auction
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would begin at prices sufficient to ensure that 16 channels were cleared, and continue until
only 8 licenses per market were being offered by current TV licensees. The FCC would record
bidders’ choices at every round of the auction, including intra-round bids, for later use. The
interaction between forward and reverse auction would be exactly as originally proposed by
MALS. The forward auction would begin with an attempt to satisfy the closing conditions
for a quantity @; (say, 16 x 6MHz = 96MHz in every market, less whatever is set aside for
guard bands or other use). Revenues from the forward auction would be compared to the
total costs of clearing ()1, obtained from the reverse auction. If the net revenues fell short,
the target would be reduced to (). However, rather than reconvening the reverse auction to
establish the (lower) prices for clearing target ()s, these new prices would simply be taken
from the supply curve obtained from the single-pass reverse auction.

From a bidder’s perspective, the single-pass auction is nearly identical to one of the reverse
auctions under the MALS proposal. Just as with the MALS proposal, a bidder would need to
come prepared with one number (a reservation value) for each possible relinquishment option.
A bidder’s options during the auction would be identical to those under the original proposal,
and the rules determining prices paid to bidders for each relinquishment option would be no
different. Just as in the original proposal, bidders’ choices between relinquishment options
would be binding offers.

The single pass option offers several advantages. One is elimination of the need for a
new reverse auction each time a clearing target fails. This would simplify participation in
the reverse auction. It would also avoid delay: rather than pausing the forward auction
to reconvene reverse auction bidders each time the clearing target is adjusted, the forward
auction could proceed without interruption.

The single-pass design also simplifies participation of reverse auction bidders in a “two-
sided closing trial” and would further allow the FCC to minimize the likelihood of “over-

shooting” during a closing trial (see below). This could lead to more cleared spectrum.
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Another advantage is that bidders would be assured that all broadcaster offers were chosen
the same day; unlike the MALS design, here a bidder need not worry that the final offers of
different TV stations might be made days or weeks apart.

A slight variation on our proposal is to conduct the single-pass auction using proxy bid-
ding. This idea was suggested in the NPRM and might offer additional benefits. With
proxy bidding, each bidder would report his minimum acceptable price for each relinquish-
ment option to a proxy agent (software). The proxy agent would then bid on his behalf
in the clock auction, selecting the profit maximizing option for the bidder at each new set
of prices. This would be similar to the proxy bidding system on eBay. A potentially
important advantage of proxy bidding is that verification of repacking feasibility (and any
other underlying optimization subject to repacking constraints) could be performed offline
rather than in real time. Depending on the complexity of the feasibility checking problem,
offline feasibility checking may allow more complete solutions of this problem, assuring that

maximal spectrum is cleared at the lowest possible cost.

Problem-Specific Constrained Optimization The discussion of computational and al-
gorithmic issues in the NPRM lacks critical detail. The most general lesson one should take
from research and practical experience with challenging constrained optimization problems
is that good solutions are often problem-specific. It is difficult—often impossible—to pre-
scribe efficient algorithms for solutions for very general classes of problems (e.g., integer
linear programming problems). However, specific instances of such problems often have spe-
cial structure that allow known algorithms to perform well, or that permit the design of
new algorithms that perform well by tailoring to this special structure. In some cases this
can be shown theoretically, while in others this can be demonstrated convincingly through
simulation. Because details on the nature of the actual repacking constraints have not been

provided, it is impossible to make specific recommendations, or to draw clear lines between
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which proposals under consideration present computational problems, and which do not.
We recommend that such information be provided so that industry experts can assist in the
evaluation of algorithmic issues and their interaction with the design of the reverse auction

rules.

4.3 Closing Rules

Two-Sided Closing Trial We propose an alternative that departs modestly from the
MALS “one-sided closing trial” proposal but offers potential for substantial improvement
in efficiency. The main idea is that all competitors participate when a closing trial is
triggered. This would allow all potential owners of spectrum rights to compete, expressing
their willingness to improve upon the provisional prices in the forward and reverse clock
auctions when necessary to ensure that their desired trades are consummated.

In the baseline version of our proposal, no change to the main forward or reverse auction
is needed. However, if the forward auction reaches a point where excess demand is zero
but the nationwide net revenue condition fails, all parties would be told that the clearing
conditions have failed. Prices would then be raised in the forward auction while lowered
in the reverse auction. For example, in a sequence of rounds, prices in the forward auction
could rise by a percentage p while those in the reverse auction fall at the same rate. Bidders
on each side would express demand /supply at the clock prices, just as in the original forward
and reverse auctions. Prices would continue to adjust until either the net revenue condition
is satisfied or prices reach a point at which demand falls short of supply.

The advantage of this approach is that it provides both forward and reverse auction
bidders the opportunity to express their willingness to accept less favorable prices to ensure
that their trades are executed. This can lead to more efficient allocation of spectrum and
to outcomes that are preferred by participants in both the forward and reverse markets.

The use of the single-pass reverse auction would allow significant additional efficiency
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gains in a two-sided closing trial. This is because a remaining source of potential ineffi-
ciency is the miscoordination of the forward and reverse price clocks, which could lead to
overshooting on one side of the market during a closing trial. The spirit of including reverse
auction bidders in the closing trial is that both sides may have some “slack” in the sense that
they are willing to accept somewhat less favorable prices if necessary. But it is impossible
for the FCC to know which side (or more generally, which bidders) has more slack and,
therefore, how quickly to adjust one price relative to another. This leads to the possibility
that the clock overshoots valuations on one side before allowing bidders on the opposite side
to express their full willingness to adjust the provisional prices. In some cases this could
cause a two-sided closing trial to fail when a one-sided trial would have succeeded. With the
single-pass reverse auction, much of this inefficiency can be avoided, since the FCC would
know the prices at which the clocks would overshoot the valuations of reverse auction bid-
ders. Overshooting on the supply side can be avoided completely, and further adjustments

(discussed below) can minimize overshooting on the demand side as well.

5 Conclusion

The FCC and their advisors have developed an ambitious proposal making substantial
progress toward design of the incentive auctions. We believe this proposal is an excellent
starting point for discussion. Although we see several significant shortcomings, we believe
these can be addressed through relatively modest alterations to the MALS design. We have
sketched our concerns and proposals above. Below we provide a more extensive discussion

of these ideas and others.
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Part 11

Forward Auction

The purpose of the forward auction is twofold. First, it provides a way for mobile wireless
providers to reveal the value they place on spectrum currently allocated for broadcast tele-
vision use. This is important for assessing how much spectrum has its highest value use
in broadcast television vs. mobile wireless service. Second, the forward auction provides a
method of determining allocations among mobile wireless providers, and the payments they
will make to the FCC. Although the FCC has conducted auctions of spectrum in the past,
those auctions served only the second purpose. The interaction between potential buyers
(in the forward market) and potential sellers (in the reverse market) is new. In addition,
the FCC and its experts seek to take advantage of experience in prior auctions and recent

developments in market design.

6 The NPRM and MALS Proposals

6.1 Clock Auction

In the forward clock auction proposed by MALS, the FCC would simultaneously offer li-
censes in each EA. There will typically be more than one class of license available in each
market; e.g., licenses for 10MHz of “paired” spectrum (5 MHz for wireless uplink, 5MHz
for downlink), and licenses for 5MHz of unpaired (downlink only) spectrum.’ Licenses for
different combinations of EA and class are treated as distinct objects and will have different

clocks. Multiple units of each object, corresponding to specific frequencies, will typically be

6The proposed building block for the forward auction licenses is a 5MHz license. This contrasts with the
6MHz licenses for broadcast television that will be obtained from the reverse auction.
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available. However, all units of the same object are treated as generic. At the beginning of
the auction, all objects are given low initial (reserve) prices by the FCC. Potential buyers
respond to these prices by specifying the number of units of each object that they would wish
to purchase at these prices. Prices for objects with excess demand (demand that exceeds the
available supply) then rise, and bidders indicate their demands at these new prices. This
process continues until the quantity of spectrum demanded in each market is no larger than
the associated target quantity. Thus, the forward auction stops at prices just high enough

to eliminate excess demand relative to the target quantities.

6.2 SMR Auction

As an alternative, the NPRM mentions the possibility of a Simultaneous Multiround (SMR)
ascending auction. The SMR has been used in prior FCC spectrum auctions. In an SMR
auction, the FCC would separately identify each license by geography and frequency (there
is no generic treatment of licenses). Bidders make price bids on any subset of these specific
licenses they desire. The auction proceeds in a sequence of rounds, with prices constrained
to move only higher. After each round, the FCC declares a provisional winner for every
license. Bidding for all licenses remains open as long as there is bidding activity on any
license. The provisional winners become final winners only when bidding activity ceases on
all licenses. This feature facilitates aggregation of licenses, but does so most effectively when
the bidders regard alternative licenses as substitutes rather than complements.

Although the SMR has a number of virtues, it has a number of significant limitations
as well. In an SMR auction bidders must choose which particular license to bid on and
how much to raise the current standing bids. This introduces many possible strategies for
achieving the same goal, as well as ambiguity in interpreting the behavior of competitors.
This inhibits price discovery. Indeed, in early rounds bidders may intentionally “park”

their demand on licenses they do not want in order to hide their intentions and inhibit price
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discovery. The SMR is also inadequate for guaranteeing efficient aggregation when bidders
regard alternative licenses as complements, as will be the case whenever a bidder seeks to
assemble a group of licenses covering a region larger than a single EA. Because the bidders
make offers for specific frequency blocks in the SMR, a hold out problem can arise: a small
bidder can easily win a license that makes it impossible for another bidder to obtain multiple
licenses with frequency contiguity. Even worse, a speculator may target such a license for
the purpose of reselling for a high price in the resale market (e.g., Pagnozzi (2010)). In this
sense, SMR does little to guarantee efficient aggregation and vertical contiguity. Bidders
may also attempt to signal or coordinate through bids. Further, the fact that provisional
winning bids are identified in each round makes this auction format susceptible to collusion.
By contrast, the proposed clock auction eliminates the problem of holdout and enables the
FCC to guarantee within-region contiguity. The clock design appears to be less susceptible
to collusion.

In what follows we focus on the clock auction proposed by MALS. We believe this is a

superior starting point for the forward auction design.

7 Primary Concerns

7.1 Exposure Risk

Our most serious concern with the proposed forward auction design is its treatment of
complementarities between licenses. Such complementarities will exist for any bidder who
will wish to assemble coverage over regions larger than a single EA. This may be the vast
majority of forward auction bidders. The clock auction design allows bidders to pursue
packages of licenses, but only by offering to buy each individual license that is part of the
desired package. This introduces a substantial exposure risk for bidders.

This risk is especially severe if, as the auction proceeds, each bidder is permitted to
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reduce his quantity demanded only for objects whose prices have risen. We believe this is
the intended policy in the MALS proposal.” However, this rule creates severe exposure risk
for bidders whose valuations exhibit complementarities. This point has been emphasized,
for example, by Ausubel, Cramton, and Milgrom (2006). We view the proposed rules as
creating unacceptable exposure risk to forward auction bidders. This will inhibit efficient
aggregation of licenses and lead to conservative bidding, inefficient spectrum allocations,
and low revenues. The revenue implications are especially problematic here, due to the role
of the net revenue requirement. Unlike prior FCC auctions, issues of revenue and efficiency
cannot be separated: low revenues will lead to inefficiently low quantities of spectrum cleared.
Further, even ignoring the role of revenues, both large bidders and small bidders (those not
themselves subject to exposure risk) can be harmed by the exposure problem. An example

illustrates.

Example 1. Suppose there are 2 licenses, A and B, and three bidders. Bidders’ valuations

v, = (6,0,6)
vy = (0,10, 10)

U3 = (5a5710+6)

where, for example, bidder 1’s valuation vector vy indicates a value of 6 for license A alone,
0 for license B alone, and 6 for the pair. Bidder 3 places positive value on both license, and
obtains a complementarity “bonus” of B > 0 if he obtains both, so that his valuation of the

pair is 5+ 5+ .  Begin with 5 = 5. In this case the efficient allocation gives license A

" An alternative would be to permit a bidder to reduce his quantity demanded on any license as long as the
price rises for some licenses he previously demanded. In the absence of concerns for frequency contiguity (see
section 7.2 below), this alternative would avoid the exposure risk arising from geographic complementarities:
a bidder interested in a package of licenses could exit the auction if that package becomes expensive, even
if that is due to an increase in the price of only one component EA license. However this alternative rule
would weaken incentives for straightforward bidding and could lead to substantial undersell.
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to bidder 1 and license B to bidder 2. Suppose that bidders use straightforward bidding
strategies, i.e., at every set of clock prices, each bidder chooses the demand that would yield
him the largest profit if the current clock prices turned out to be the final prices. In this case

the auction would proceed as follows®

pa | pg | demand

1| 1| ABA+B

6| 10| 0,0,A+B

Note that once pg reaches 9, bidder 3 would like to exit the auction altogether. However,
because the auction rules forbid this (only the price of B is rising), the combination A+B is
the most profitable demand he is permitted to express.  The resulting outcome is bad from
all bidders’ perspectives: bidder 3 makes a loss; bidders 1 and 2, who should have obtained

licenses, obtain nothing.

We might expect bidder 3 to avoid the exposure risk by bidding more conservatively. Suppose
he follows a conservative straightforward bidding strategy: he uses a straightforward bid-
ding strateqy except that he refuses to demand any good whose price exceeds his stand-alone

valuation for the good. With such a strategy, the value of B becomes irrelevant to the auction

8In our examples we assume arbitrarily small bid increments, denoted by € when necessary. We show
only key “rounds” of the clock auction, listing prices in that round and the demands expressed at those
prices. The list of demands in each row of the “demand” column show the objects demanded, with commas
separating the demands of each bidder. We write “A+B” to indicate demand for a unit of A and a unit of
B.
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outcome. The auction will proceeds as follows,

pa | pg | demand

1| 1| ABA+B

2 2 "

51 9 A,B,0

Now bidder 3 avoids the exposure problem. Revenues are substantially lower, which may
lead to failure of the net revenue requirement. Otherwise, whether the auction allocation
is efficient depends on whether efficiency is helped or harmed by eliminating bidder 3 from

competition. For small 3 this is efficient; for 3 > 6 it is not.

7.2 Frequency Contiguity

A second major concern is that the NPRM and MALS proposals do not make adequate
provisions for bidders to obtain contiguous blocks of spectrum. Two types of frequency con-
tiguity are important. First, within a geographic area, wireless service providers seeking to
offer LTE or LTE-Advanced services desire significant blocks of spectrum in adjacent fre-
quencies. We understand that such vertical contiguity is essential to optimal performance of
these technologies. Second, bidders seeking coverage areas encompassing multiple EAs desire
licenses in identical frequencies in each EA. We understand that such horizontal contiguity
minimizes interference at boundaries and allows use of more efficient network deployment.

The current proposals for assigning individual licenses to winners of generic licenses in
each EA may address the need for vertical contiguity within a single EA. But they would
not allow bidders to express their broader needs for frequency contiguity.

The MALS proposal suggests the use of a random priority rule for assigning particular
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frequencies to winners of the clock auction. The NPRM mentions the possible use of a
bidding mechanism for assignment. The currently envisioned version of the random priority
rule is problematic if bidders care about horizontal contiguity. Assuming that the generic
auction is held for each EA, a random priority rule would work as follows: 1) Each winner
rank-orders all possible sets of frequency blocks that equal to the number of licenses he won
in the clock auction. 2) The FCC randomly orders all the winners. 3) The winner first on the
list is assigned his most preferred blocks; the second on the list is assigned his most preferred
block of those remaining, and so on. This procedure will generate inefficient allocations when

bidders value horizontal contiguity. This can be illustrated by a simple example.

Example 2. Suppose there are two EAs, EA; and EAs, and suppose each EA; has three
frequency blocks: A;, B;, C; for i = 1,2. Assume that in the reverse auction all three blocks
are cleared in EA;. In EAs, only two of them are cleared. Suppose there are three bidders,
1, 2, 8in the forward auction. Bidder 1 and bidder 2 each won 1 license in each FEA, whereas
bidder 3 won only one license in EAy in the forward generic auction. Suppose 1 and 2 rank:
A; — B; — C; in that order in each EA;, fori = 1,2. And suppose 8 ranks: C7 — By — Ajy.
Then, bidder 8 gets Cy in E Ay, but 1 and 2 get (A1Ay, B1Bs), (A1Bs, B1As), (B1As, A1 Bs),
(B1Bsy, A1 Ay) with equal probability, 1/4. If it is more valuable for a bidder to win the same

frequency block across the EAs, this outcome is inefficient.

Further, there is no dominant strategy for bidders in the random assignment phase. To
illustrate, return to the example and suppose winning A; A is not much more valuable than
winning B;Bs. It is an equilibrium for 1 to rank A; — B; — C; in each EA i = 1,2 and
for 2 to rank B; — A; — C; in each FA;, i = 1,2. This leads to an efficient assignment of
(A1 Ay, By By, Cy) for bidders 1, 2, and 3, with probability one. While this may suggest that
bidders may be able to coordinate on an efficient outcome in equilibrium, in practice such

coordination may be difficult to achieve. The lack of strategy-proofness is a drawback. Of
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course, if both 1 and 2 value A; A, sufficiently more than BB, then the above inefficient

allocation will be the unique equilibrium.

7.3 The Overflow Problem

The MALS forward auction provides no language for bidders to express whether their demand
for a particular license is driven by interest in a larger group of licenses. Without such
language, bidders seeking small groups of licenses can face rising prices even when their own
demands are not a source of scarcity, leading to bias against small bidders and inefficient
allocations.

An example will illustrate the problem. Consider the Boston MEA, which includes the
Bangor, Portland, and Boston EAs. Suppose that six 10MHz paired licenses are available in
Bangor and Portland, but only five in the Boston EA. This implies that at most five bidders
could obtain MEA-wide coverage. Suppose that at some point in the auction “regional
bidders” seeking MEA-wide coverage (or coverage in a larger area that includes the MEA)
are demanding seven licenses, while there is only one Portland EA license demanded by a
firm seeking coverage in Portland alone. Suppose the regional bidders have an all-or-nothing
strategy in this MEA: they are not interested in any strict subset of the 3 EAs. In such a
situation, we would like the auction to “hold on” to the offer of the Portland-only bidder: we
know that only five units of demand from the regional bidders can be satisfied. So selling all
licenses requires allocating to the Portland-only bidder. However, under the MALS design,
the auction will count eight units of demand for the Portland license, conclude that this
license is in excess demand, and raise its price. This will force the Portland-only bidder to
either pay a higher price or exit, even though his demand is not a source of scarcity. This
will tend to force such a bidder out of the market unnecessarily.

We term this phenomenon the overflow problem. With a richer bidding language, the

auction design could account for feasibility constraints and limit the extent to which demand
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for large packages “flows down” to be counted as demand for the smaller packages and
individual licenses nested in the larger package. Without such a language, too much demand
flows down. This creates artificial competition for smaller bidders. This bias against smaller
bidders will lead to undersell and/or inefficient allocations of licenses.

Within the simple clock auction design proposed by MALS, we see no easy fix. Indeed
there is a tension between avoiding the inefficiency introduced by the exposure problem and

avoiding those introduced by the overflow problem. The following example illustrates.

Example 3. Suppose there are two markets, with two licenses available in market A but
only one license in market B. Suppose there are six bidders with valuations for A, B, and

the pair A+B given by

v = (1,0,1)
vy = (3,0,3)
vs = (0,6,6)
v = (0,8,8)
vs = (2,3,7)
ve = (3,5,12).

This type of configuration is highly plausible: markets in which less spectrum can be cleared
will tend to be those where licenses are more valuable.  The unequal clearing across markets
limits the feasible supply of the “package” AB desired by bidders 5 and 6 to one unit. The
efficient allocation involves assigning 1 unit of each object to bidder 6, and the remaining

unit of object A to bidder 2.

Under the MALS proposal we may expect bidders 5 and 6 to bid cautiously to avoid the
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exposure problem. If bidders use conservative straightforward bidding strategies, the auction

will proceed as follows:

pa | pPB demand

1 1 | 0,A,B,B,A+B,A+B

2 | 2 | 0,A,B,B,A+B,A+B

2+€ | 24€ 0,A,B,B,B,A+B

2+€ | 3 0,A,B,B,0,A+B

2+€ | b+te 0,A,B,B,0,A

2+€ | 0O 0,A,0,B,0,A

The allocation is inefficient. Further, the magnitude of this inefficiency can be made arbi-

trarily large by changing bidder 6’s package valuation.

We might hope that package bidders would bid less cautiously, so that the implications of
exposure risk are not so dire. If they do, this will introduce the overflow problem.  Sup-
posing that all bidders follow straightforward bidding strategies, the auction will proceed as

follows:

PA | PB demand

1| 1|0ABBA+BA+B

2| 2 |0ABBA+BA+B
3| 8| 0,0BBA+BA+B
3| 4 0,0,B,B,A,A+B
3 5 "

3| 6 0,0,0,B,A,A+B

3 7 "

3| 8 0,0,0,0,A,A+B
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Revenue is higher but the allocation s still inefficient. This time the inefficiency is due to
the overflow problem. Although only one A+B pair is feasible, bids by the package bidders
drive bidder 2 out of the market, leading to misallocation of one of the market A licenses.
This is undesirable, but the MALS auction design does not allow for any distinction between
demand for A alone and demand for A as part of the AB package. In addition to the
musallocation, bidder 5 falls prey to the exposure risk he ignored and is forced to pay more

than his valuation for the license he wins.

7.4 Other Sources of Inefficiency
Nonexistence of Market Clearing Prices

As pointed out by Ausubel and Milgrom (2002), market clearing prices need not exist when
some licenses are complements. Suppose for example that there are two licenses (A and B)

available and two bidders with valuations

v = (4,5,15)

Vg = (7, 9,9) .

Here bidder 1 obtains a significant complementarity when obtaining both licenses, whereas
bidder 2 does not. The efficient allocation gives both licenses to bidder 1. For a pair of
prices (pa, pg) to yield no demand from bidder 2 requires p4 > 7, pg > 9. But at such prices

bidder 1 demands no licenses.  In the MALS auction, with conservative straightforward
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bidding, the auction will proceed as follows:”

Pa pp | demand

1 1 | A+BB

1 1+¢ | A+B,B

1 | 3 | A+BA

1+e 3 | A+B,B

1+e | 3+e| A+B,A

n

3 | 5 | A+BA

3+¢ | 5 | A+BB

3+e | b+e AA

3+2¢ | b€ AB

The allocation is inefficient, and revenues are low relative to the surplus available. With
straightforward bidding, the allocation would be worse, with one of the two licenses failing
to sell.

We emphasize that the potential lack of market clearing prices is a limitation not just of
a clock auction, but of any mechanism in which the same prices are offered to all potential
buyers. Anonymity of prices is an attractive feature and may be essential if bidders are to
view the auction as fair. However, this feature may lead to some inefficiency, sometimes in

the form of undersell.

9We assume bidders resolve indifferences between licenses by choosing A. This has no effect on the final
allocation and an arbitrarily small effect on revenue.
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Miscoordination of Price Clocks

Synchronization of price clocks can be important in any clock auction. A simple example

illustrates.

Example 4. Suppose there are two licenses available, A and B. There three bidders with

valuations

v = (57 07 5)
Uy = (07 97 9)
vy = (3,6,12)

where, for example, bidder 3 places value 3 on license A alone, 6 on license B alone, and
12 on the “package” AB. Here the efficient allocation excludes bidder 3. Depending on the
synchronization of clocks, the MALS auction could proceed as follows under straightforward

bidding:

pa | pg | demand

1| 1| ABA+B

"

51| 5| 0BA+B
5 0,B,A+B
5| 7| 0BA+B
51| 8| 0BA+B
51 9| 0BA

The allocation is inefficient (and bidder 3 faces a loss).*’

0Note that bidder 3 would like to exit the auction entirely at the prices (5,7) but is not permitted to,
since only pp is rising at this point. The most profitable option available to bidder 3 at this point is to
continue demanding A+B.
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However, if the clocks moved at different speeds (that for B moving twice as fast), efficiency

could be achieved with straightforward bidding:

pa | pg | demand
1| 2 | ABA+B
2| 4 !

3| 6 !

4 | 8 A,B,0

This gives the efficient allocation.!!

Of course, optimal coordination of clocks depends on the realized valuations and the
strategies used by bidders.  Perfect synchronization is therefore infeasible. Inefficiency
may arise no matter how the price clocks are controlled. =~ However, there may be general
principles for synchronization of clocks that can enhance efficiency. For example, clock
speeds might be calibrated based on expected final prices, perhaps based on prices in prior

FCC spectrum auctions. This issue should be investigated further.

8 Clock Package Auction

MALS mentions the possibility of adding packages to the forward auction. Two ideas are
suggested: holding a full Combinatorial Clock Auction (“CCA”) as explored in Ausubel,
Cramton, and Milgrom (2006), or adding a limited number of packages to the clock auction.
We prefer the latter.

The key elements of the CCA are a clock phase used for price discovery, followed by

a sealed bid phase that determines winners. We refer readers to Ausubel, Cramton, and

'With conservative straightforward bidding, both clock speeds yield the efficient allocation.
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Milgrom (2006) and Cramton (2012) for details. ~ Although the CCA has a number of
attractive features, it has several others we view as problematic for the FCC forward auction.
One concern is the fact that all licenses remain “up for grabs” at the end of the clock auction,
with winners not determined until after a sealed bid phase. A second is that the “VCG-
nearest core” pricing rule used for the critical sealed-bid phase is opaque, making it difficult
for bidders to understand the strategic environment they face. Finally, we are uncertain
what effect the sealed bid phase might have on bidding behavior in the clock phase of the
auction, particularly given the substantial complementarities between licenses. In the worst
case this might lead to poor price discovery, substantial uncertainty for bidders, low revenues,
and inefficiently low quantities of spectrum cleared.

We believe that substantial gains can be obtained following the simpler option of adding
packages to the clock auction. Here we provide a detailed proposal for doing so, using
a simple hierarchical structure to define the set of packages offered. We propose offering
packages that cover each Major Economic Area (MEA), each Regional Economic Area Group
(REAG), as well as the entire nation. This particular choice is not essential, and our formal
description below incorporates the possibility of other “multi-tree” structures. But the EA-
MEA-REAG-nationwide structure is natural, and we believe it would capture most of the
significant geographical complementarities between licenses.

The introduction of packages to the clock auction is motivated by the issues of exposure
risk, need for horizontal contiguity, and the overflow problem, all discussed above. Each is
a problem that, if left unaddressed, could lead to inefficient allocations of cleared spectrum,
low revenue, and inefficient reduction in the quantity of spectrum traded in the combined
forward and reverse auctions. The inclusion of packages in the forward clock auction can

address all three issues.
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Before proceeding with the details, we emphasize that our proposal
e involves a very modest change to the original proposal;

e does not introduce significant complexity to the auction from the perspective of bidders

or the FCC;
e does not set aside any spectrum for packages;
e does not require equalized clearing of spectrum across markets;
e results in no thinning of competition for any license;
e creates no advantage (or disadvantage) for package bidders;

e will not lead to violation of the property that identical licenses sell for identical prices,
except when feasibility constraints and excess demand for packages requires superad-

ditive package prices;

e does not appear to introduce new opportunities for undesirable strategic bidding be-

havior.

8.1 Objects for Sale

As with the original MALS clock auction, the auction is a multi-unit multi-object auction.
An object is class of generic license covering a particular geographic area. Typically there
will be more than one license of each such class, i.e., more than one unit of each object.
For simplicity we assume here that all licenses covering a particular geography are generic.
Our proposal easily extends to allow multiple mutually exclusive classes of licenses (e.g.,
paired vs. unpaired) that are generic within each class. Objects are then defined by their

geographic coverage. The elementary geographic building block is the EA. A package object
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is a collection of single-EA objects; for example, an MEA license for Philadelphia consists of
one EA license in each of the three EAs comprising this MEA .

Let &£ denote the set of EAs and S the set of packages offered. Then

0O=¢EUS

represents the set of objects for sale. Complexity considerations dictate that O not include
all possible subsets of £. Rather, S should include the packages of greatest importance to
bidders. We will assume that S is chosen so that O can be placed in a hierarchical structure
defined below.

A notion of (sufficient) horizontal contiguity is defined in advance. All objects are spec-

2 No spectrum is

ified as consisting of horizontally contiguous allocations of spectrum.’
set aside for package licenses. Competition in the auction (and feasibility constraints) will

determine how much spectrum, if any, is to be allocated to package licenses.

8.2 Hierarchical Structure

For objects k and j in O, we write k C j (equivalently, j D k) if the set of EAs included in
object k is a strict subset of those included in j. When k C j we will say that j contains
k. We will say that object j is a parent of object k (equivalently, k is a child of j) if both
(i) k C j and (ii) #¢ € O such that kK C ¢ C j. An object may have no parent, one parent,
or multiple parents. Let 7; denote the set of j’s parents and let x; denote the set of j’s
children.

We represent the parent-child relationships with a directed graph I' containing one vertex

for each object j € O. For j,k € O, I" has a directed edge from j to k if j is a parent of k.

12 Alternatively, smaller packages (say, MEAs and REAGs) could be specified with a guarantee of hori-
zontal contiguity, with larger packages (say, a national package) coming only with the promise of contiguity
when possible.
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Figure 1 illustrates with a simple example in which seven objects are for sale: one for each

of four EAs, one for each of two MEAs, and one for the “nation” as a whole.

Figure 1: A simple multitree structure.

Because the parent-child relationship is defined based on strict subsets, there can be no
directed cycles in I'. We will further require that I" be a multitree, i.e., that there be at
most one undirected path between any two vertices in I'.!? The structure in Figure 1
satisfies this restriction. Another example is given in Figure 2, where Regional Economic
Area Groups (REAGS) are included as well. Both examples generate a tree structure for I,

which is a special case of a multitree. Another possible multitree structure is one identical

Figure 2: A larger multitree structure.

BEquivalently, the set of vertices reachable from any given vertex forms a tree.
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to that in Figure 2, but without the national license. For the forward auction, the multitree
structure is likely to cover the types of packages needed. As shown below, a key feature of
the multitree structure is a lack of ambiguity about which objects are in excess demand.'*
Each object can be assigned to a unique tier in I'. This assignment can be constructed
iteratively as follows: objects which are single-EA licenses are assigned to tier 1; parents of
tier-1 objects are assigned to tier 2; parents of tier-2 objects to tier 3; etc. Let 7™** denote
the maximum non-empty tier. In the prior examples the assignments to tiers are simple: for

max

example, tier 1 corresponds to the EA objects, with tier 7™* corresponding to the national

object.

8.3 Overview of the Clock Package Auction

min

The auction includes price clocks for each object. Initial (reserve) prices pi** are set for

each EA license. Reserve prices for packages are additive:

- Y 0
keé&:
kCj

The auction begins at these prices and proceeds through multiple rounds with progressively
higher prices. In each round, bidders express nonnegative integer quantities demanded for
each object at the current clock prices. Bidders’ expressed demands are binding offers. A
bidder expressing positive demand for multiple objects is agreeing to purchase all of those
objects if the auction ends at the current prices. Prices continue to rise until there is no

excess demand (defined below) for any object, at which point the auction terminates. As

14Tt may be useful to consider an example of a structure that violates the multitree restriction. Let
there be three EAs: A,B, and C, and suppose the packages offered are AB,BC, and ABC. The graph of
this structure is not a multitree because there are two directed paths from ABC to B. This could be
accommodated (imperfectly) in our design by defining only one of the packages AB or BC to be a child of
ABC, yielding a modified graph that is a multitree. The choice of the child would be arbitrary and could
affect the outcome of the auction. Further, the CPA avoids the overflow problem entirely when I' is a
multitree, but only partially when I' must be modified to obtain a multitree.
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suggested in the MALS proposal, intra-round bidding can be used to minimize overshooting

due to discrete price increments.

8.4 Feasible Supply and Feasible Allocations

For each j € O, let q]f denote the feasible supply of object j. This is the maximum number
of units of the object that could be allocated. For objects consisting of a single EA license,
this is just the number of available licenses in that EA. Because every package object is a
collection of smaller objects, the feasible supply of a package object will be limited by the
minimum feasible supply among its components (i.e., its children). In particular, for any
object j such that x; # 0,

I < ming/

With package licenses specified as horizontally contiguous, the feasibility of horizontal con-
tiguity might further constrain the feasible supply, yielding a strict inequality.

The set of quantities {g; }j co 18 a feasible allocation if for all k € O,

C]kﬂ”ZCIﬂSQ;{- (2)
>k

Typically the set {q]f } will not be a feasible allocation.
jeo

Example 5. Suppose there are j FEAs, labeled A,B, C, and D. Let O be comprised of the
singleton EA objects, two regional objects AB, CD, and a national object ABCD. Suppose

sufficient spectrum has been cleared to allow allocation of up to 3 licenses in EAs A,B, and

40



C but only 2 licenses in FEA D. If there are no other feasibility constraints, we have

¢h = 3
a = 3
a = 3
ap = 2
qf;B =3
qu = 2
qf\BCD = 2
An example of a feasible allocation is
ga = 1
g5 = 1
g = 2
gp = 1
qgap = 1
gecp = 0
qapcp = L

This feasible allocation also utilizes all the available licenses.

To avoid incentives for manipulation, we require that the expressed demand of a bidder

at any price be a feasible allocation.'® This constraint is easily imposed: if quantities{qzdj }je o

Demands for infeasible allocations cannot be filled. Thus, attempts to distort the outcome of the
auction with such bids have no cost. The same concern would arise in the MALS auction, where ruling out
demands for infeasible allocations is also simple.
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are demanded by a bidder ¢, the auction interface can verify that

G+ dn<dq Vi (3)

kDj

before entering the bid, asking the bidder for a corrected demand vector if (3) is violated.

8.5 Total Demand, Excess Demand

Critical to the forward clock auction is the determination of which objects are in excess
demand at a given set of prices. Without packages this is simple: the total number of units
of an object demanded is compared to the total number of units available. With packages,
we must account for the fact that demand for a package implies demand for the objects
contained in the package. With the multitree structure this is straightforward. Further,
because bidders express demand for package objects separately from demand for smaller
objects, we can now avoid the overflow problem (see section 7.3).

Begin by defining the first-order demand for object j to be the quantity demanded of
the object alone at the current prices. For example, first-order demand for an EA license
is the quantity of this license demanded alone (not as part of a package object). Let d} (p)
denote the first-order demand for object j.

Object j’s second-order demand, denoted d? (p), and total demand, denoted d]T (p) are
then defined iteratively. Second-order demand for an object j represents the demand for j
embedded in the feasible demand for objects that include j. Total demand for j is simply
the sum of the first-order and second-order demand. The iterative definition starts from

the top (tier 7™*) of the graph I' and proceeds down. For each object j in tier 7™* let
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T o 1 . max . .. . .
d; (p) = d; (p). We then proceed to tier 7** — 1. For each object j in this tier, let

di(p) = ) min {q;f,dif (p)} (4)

di (p) = dj(p)+d(p). (5)

We take the minimum of ¢/ and d (p) in (4) to account for the fact that in some cases not
all demand for a parent can flow to its children, due to feasibility constraints. For example,
in Example 5 above, at most two units of demand for the package CD would ever be counted
as demand for C.' This process continues through tier 1, applying equations (4) and (5) at
each tier.

Finally, object 7 has excess demand at prices p if total demand for j exceeds its feasible
supply, i.e., if

T )
dj (p) > q; -

8.6 Price Clocks

If no object has excess demand at the current clock prices, the clock auction terminates.
Otherwise prices rise for all objects that (i) have excess demand or (ii) contain objects with
excess demand. For specificity only, we assume bid increments are specified as a constant
percentage increase.

Whereas the determination of total demand works from the top down in the graph T,
determination of new clock prices works from the bottom up. Let p; denote the current
price of an object j; the new price p/; is to be determined. ~ For each tier-1 object j such
that d]T (p) > qu , the price will be incremented to p’ = (14 d)p;. Moving then to tier 2,

the price of an object j in this tier will be incremented if either

16One way to represent this is to assign capacities to the edges in the graph I'. The edge from j to any

child k£ € x; would have capacity qj]-c . The maximum demand that can flow down from parent to child is
determined by the capacity of the relevant edge.
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(a) the price of some object k € x; has already been incremented; or
(b) df (p) > qf.

If condition (a) holds,

/ /
Py =max < p;, > ph

regardless of whether condition (b) also holds.!” If only condition (b) applies—i.e., if
P = pi for all k € x;, but there is excess demand for j—the new price is p} = (1 + ) p;.
Only in this latter case is the price of a package not additive in the prices of its components
(children).

This process continues through each of the higher tiers until all price adjustments have
been determined. The new prices are then offered to bidders in the next round. As in
the MALS proposal, bidders would be allowed to reduce the quantity they demand only for

objects whose prices have risen.

8.7 Examples

Example 6 (Elimination of Exposure Risk). Our first ezample illustrates the elimi-
nation of the exposure problem when the clock package auction is used and O includes all

packages relevant to bidders. Let there be two markets, A and B, with two identical licenses

17 Alternatively, the price increment could be made larger if both conditions hold. Whether this aids
efficiency is ambiguous in general under straightforward bidding (recall our discussion of clock synchro-
nization). However, we believe that minimizing deviations from additive package price is desirable for
encouraging straightforward bidding, as a bidder will know that he cannot slow down the rise in a package
price by withholding demand for the package until later rounds and bidding instead on its components in
early rounds.
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available in each. There are five bidders with valuations

v =

Vo =

V3 =

Vg =

Vs —

(5,0,5)
(4,0,4)
(0,5,5)
(0,4,4)

(3,3,11).

Here the CPA proceeds under straightforward bidding as follows:

PA | PB | PAB demand
1| 1| 2 | AAB,BAB
21 2 4 "
31 3 6 "
4| 4| 8 | A0B0AB

This yields the efficient allocation. Compare this to what may arise without including pack-

ages in the auction. Suppose the clock auction proposed by MALS were held. If bidder /

avoids the exposure problem by adopting a conservative straightforward bidding strategy, that

auction would proceed as follows:

pa | PB demand
1 1 | A,A,B,B,A+B
2 2 !
"
3+€ | 3+€ A,A,B,B,0
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All units sell, but the exposure problem leads to inefficiency and low revenue: total revenue
is 25 percent lower and total surplus (ignoring the potential adverse effect of revenue losses

on closing conditions) is 14 percent lower.

Example 7 (Elimination of the Overflow Problem). Return now to Example 3 (page
29).  Previously we saw that the MALS auction design leads to inefficiency and/or undersell
and there was a tension between addressing the needs of large bidders (facing the exposure
problem) and those of small bidders (facing the overflow problem). Adding package clocks
to the auction eliminates both problems. With the same setup considered in Example 3, the

CPA would proceed as follows:

Pa PB PAB demand

1 1 2 | 0,A,B,B,AB,AB

1 2 3 !

"

1 | 5+¢ | 6+¢ | 0,A,B,B,A,AB

1+€ | 5+2 | 6+3¢ "

2-€ 6 8-¢ 0,A,0,B,A,AB

2 b+c | 8+e 0,A,0,B,0,AB

2 7 9 !

2 | 8 | 10 | 0A,000AB

This yields the efficient allocation. Notice that the price of object A pauses once the sum

of its first-order demand and the feasible second-order demand falls to 2 units (in the first
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round displayed). At this point

dz = dk—l—min {qf;B,dZ;B}
= 1+ min{l,2}
= 2

= ok

The total demand equals the feasible supply; thus, there is no excess demand for A. This
illustrates how the CPA allows the excess demand calculation to distinguish between demand
for A alone and demand for A that is embedded in demand for a package. This distinction is
impossible in the simple (MALS) clock auction, but is essential if we are to obtain efficiency.
Stopping the price at 1 allows the auction to “hold on” to the demand of bidder 2 while still
raising the price to the package bidders. Of course, if one of the package bidders later drops
its demand for the package and instead demands a unit of A, pa will rise again. This occurs
in the example when pg reaches 5+€ and bidder 5 finds license A more profitable than the

package.

Example 8 (Superadditive Package Prices). Let there be two markets, A and B, with

two identical licenses available in each. However, interference constraints limit the number
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of feasible horizontally contiguous AB packages to 1. There are siz bidders with valuations

v = (5,0,5)
v = (6,0,6)
v = (0,5,5)
v = (0,6,6)
vs = (3,3,11)
v = (4,4,14).

Complementarities in the two package bidders’ valuations are contingent on horizontal con-

tiguity.  With straightforward bidding, the CPA would proceed as follows:

PA | PB | PAB demand

1| 1| 2 | AABBABAB

n

51 5| 10 | 0,A,0,B,AB,AB

51 6| 11 0,A,0,B,0,AB

The price clocks for the single-market licenses stop at 5, even though three units of each are
demanded. This is because only 1 of the 2 package units demanded can be part of a final

allocation. For example

d£ = d}4 + min {qf;B, ng}

— 1+min{1,2}
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However, there 1is excess demand for the package at this point, so the package price pag
continues to rise. This yields a package price that exceeds the sum of the component prices
pa and pg. Note that the degree of superadditivity, the total revenues, and the total surplus
could be made arbitrarily high in this example by driving up the package valuations of bidders
5 and 6.  With the original MALS proposal and conservative straightforward bidding, the
exposure problem (this time the exposure of obtaining packages that lack horizontal contiguity)

leads to a worse outcome

pa | pB demand

1 1 | A, A,B,B,A+B,A+B

"

3+€ | 3+€ A,A,B,B,0,A+B

4+€ | 4+4¢€ A,A,B,B,0,0

Revenue is nearly 25 percent lower, while total surplus is 15 percent lower. Both losses can
be made arbitrarily large by driving up the complementarities in the two package bidders’

valuations.

8.8 Properties of the CPA
Success

The CPA is guaranteed to “succeed” in the sense that it will terminate at a feasible allocation.

We show this with the following two results.

Theorem 1. If the clock package auction terminates at price vector p*, the implied allocation

{d; (p*)}jeo is feasible.
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Proof. Since the auction terminates when there is no excess demand
T [ x f .
dj (p*) <q; Vj€O. (6)

Recall that for all objects j in tier 7™&%, dJT (p*) = djl- (p*). Now consider an object j
in tier-(7™* —1). Any object £k D j must be in a higher tier. So by (4), (5), and (6),

dj (p*) = dj (p*) + > 4, dj (p). Continuing this iteration through tier 1, we obtain

df (p*) = dj (p") + > _dp(p") VjeO.
kDj
By (6) this implies

di (p")+) dp(p) <ql VjeO

kDj

ie., {d (p*)}jeo is a feasible allocation. O

Theorem 2. Suppose that (i) the bid increment is bounded from below by § > 0, (i) bidder
valuations are finite, and (iii) there exists L < oo such that no bidder expresses demand
which, if accepted, would yield the bidder a loss greater than L. Then the clock package

auction will terminate in a finite number of rounds.

Proof. Suppose to the contrary that for every round r = 1,2, ..., oo there is excess demand.
This requires that there be at least one object j that is in is excess demand in an infinite
number of rounds. Because the bid increment is bounded from below by 4, the price of j
(and any object containing j) must diverge to infinity. Because valuations are finite, this
requires that there be some bidder demanding units of j (or an object containing j) who
would face an arbitrarily large loss if his demand were accepted. This contradicts part (iii)

of the hypothesis. O]
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No Exposure Problem

As long as the set S includes all of the types of packages desired by bidders (i.e., all those
involving complementarities or the need for horizontal contiguity), the exposure problem is

absent.

No Overflow Problem

As illustrated in the examples, the overflow problem and its bias against small bidders is

eliminated. A bidder’s price rises only when his own demand is a source of scarcity.

Simplicity for the FCC

The form and complexity of the proposed clock auction is essentially the same as that in the
MALS proposal. We have added a relatively small number of package licenses to the auction:
if there are K EAs and L packages, the number of objects in the auction is K + L vs. K
in the original proposal. Operation of the auction involves only the calculation of excess
demand and adjustment of price clocks.  Our description of these calculations translate
directly to an algorithm for controlling the price clocks. The complexity of this algorithm is

linear in the total number of objects for sale.

Simplicity for Bidders

The addition of packages to the ascending clock auction leaves the fundamental decisions
for bidders unchanged. As in the original MALS proposal, a bidder merely indicates its
most preferred purchases at each round of prices. The price of a package license is never
less than the sum of prices for each component EA license. This keeps bidders’ decisions
simple (there are no tempting arbitrage opportunities that involve exposure risk) and aids

price discovery. With the restriction to bids that are themselves feasible allocations, we see
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no new opportunities for strategic bidding behavior created by the addition of packages to

the clock auction.

Fairness

The clock package auction as we have described it creates no advantages or disadvantages
for large bidders (e.g., those bidding for packages) or small bidders (e.g., those bidding for
individual licenses). The allocation of spectrum to package vs. single licenses is not preset
but is determined by prices. A package bidder has no advantage because it must always
pay a price at least as large as the sum of the component prices for the elements of its
package. It is not disadvantaged either: although package prices may be superadditive, this
happens only when this is necessitated by excess demand for the package itself. Similarly,
the elimination of the overflow problem removes a bias against small bidders that is present

in the MALS design.

Efficiency and Revenue

The discussion and examples above reveal that adding packages to the clock auction can
eliminate some sources of inefficiency in the clock auction proposed by MALS, and can
enhance revenues as well. However, there is no strict dominance relation: one can construct
examples in which adding package clocks may reduce efficiency, depending on how clocks are
synchronized and how package bidders handle the exposure problem in the auction without

packages.

Example 9. Suppose there are two licenses (A and B) and three bidders with valuations

v = (3,0,3)
vy = (0,6,6)
vy = (2,2,7).
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The efficient allocation gives license A to bidder 1 and license B to bidder 2. In the MALS

auction, conservative straightforward bidding will yield the efficient allocation, proceeding as

follows:
Pa | PB demand
1 1 | A,BA+B
2+4€ | 2+4€ A,B,0

In the CPA, under straightforward bidding the auction may proceed as follows:

pag | demand

A,B,AB

n

0,B,AB

ba | PB
1] 1
2| 2
3|38
3| 4

<SS | D ||

0,B,0

Although revenue is the same, good A goes unsold.'  This undersell can be seen as arising

from miscoordinated price clocks (recall section 7.4). For example, if the clock for license B

moved at twice the speed of that for license A, the CPA would instead proceed as follows:

pa | PB | PaB | demand
11 2| 38 | ABAB
2 5 "
7 4
Tl 7] ABoO

The allocation is now efficient.  Further, revenues are now 75 percent higher than in the

MALS auction.

To provide some comparisons of outcomes under alternative auction rules we have run

18To obtain strictly higher revenue from the MALS auction, modify the example so that vy =

(24+€2+¢€T).
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a set of simulations using a stylized representation of the forward auction. We discuss the
details of the simulation design in Appendix A. At a broad level, however, we generate
many randomly drawn bidding environments capturing key qualitative features likely to be
present in the forward auction. We use these to simulate actual bidding behavior in both
the original MALS auction design and in the CPA. This enables us to compare the potential
performance of the two auction designs in terms of efficiency and revenue.

Our results are presented in detail in Appendix A. They suggest that substantial efficiency
and revenue gains from the CPA may be typical. For example, in our baseline simulation
design, total surplus and total revenue are higher under the CPA in the vast majority of our
1,000 replications. Average revenue (across all replications) is 70% higher under the CPA.
The average surplus is 17% higher. The CPA achieves an average of 97 percent of the (infea-
sible) first-best efficiency. Compared to the infeasible first best (fully efficient) allocation,
the CPA achieves at least 90 percent efficiency in 91 percent of the replications, whereas
the MALS auction achieves this level in only 37 percent of the replications. Results in
alternative specifications are qualitatively similar, with larger gains when complementarities

for package bidders are stronger.

9 Swupplementary Bidding

As discussed before, both the Clock auction proposed by the NPRM and MALS and the
CPA proposed here could leave some items unallocated. It should be an option, if the
FCC finds it necessary, to resell the unsold items immediately following the main clock
auction. We imagine this option to be triggered only if the FCC finds significant undersell
to have resulted from the main round. Should the FCC decide to resell the unsold items, an
important consideration in the auction format design is to minimize possible adverse effects

it may have on the main clock auction. For instance, if the unsold items were sold in a “pay-
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as-you-bid auction,” bidders may have incentives to signal low values in the clock phase in
an attempt to lower the prices they face in the supplementary round.

For this reason, a clock auction, which is relatively simple and has a transparent pricing
rule, is preferred. We do not envision package bids to be allowed for this round, in light
of the fact that package bidding in the main round will have treated much of the exposure
problem. We do not envision package bids to be allowed for this round, in light of the fact
that package bidding in the main round will have addressed much of the exposure problem.
A proxy version of the clock auction could be used if a speedier resolution of the forward
auction is an important concern.

An alternative more comprehensive approach would put all licenses, including those sold
in the initial clock phase, back into sale in the supplementary round. This is the approach
prescribed by the Combinatorial Clock Auction (CCA), mentioned as an option in the NPRM
(for package bidding). CCA begins with a clock phase (with a different bid withdrawal
rule than the MALS clock auction), but adds a supplementary round of proxy bidding for
packages following the clock phase. In the (supplementary) proxy phase, all clock bids (i.e.,
prices for winning quantities) are added as default package bids, but bidders are allowed to
submit additional sealed bids for these packages and to bid, with some limitation, for other
packages. Winners are then determined to maximize the total bids, and are charged with
the VCG-nearest core prices.

There are several concerns with such a comprehensive supplementary bidding approach.
First, the pricing rule (i.e., the VCG-nearest core pricing) means that the final clock bids

and the prices winners eventually pay would differ substantially (even when the winning

9The VCG rule charges each winning bidder the social opportunity cost associated with his winning
licenses—the net social value that was foregone due to the winning by the bidder of these licenses. A core
pricing rule is a profile of prices that would leave no profitable deviation either by an individual or by a
group of individuals through reallocation of licenses within them or through their non-participation. A
VCG-nearest core pricing selects the VCG prices if they are in the core, and selects the core point that is
the closest to, and in equal distance across all winning bidders away from, the VCG in case the VCG is not
in the core. See Ausubel, Cramton, and Milgrom (2006) and Cramton (2012) for detail.
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20 and the relationship between the two

allocation does not change across the two phases),
phases and the activity rule governing it are complex and may be perceived as opaque by
the bidders.

Second, the outcome of the proxy phase is unpredictable in the sense that the winners
of the clock phase may not secure the licenses they have won from the clock phase. The
prevailing activity rule provides some protection in this regard, for each winner of the clock
phase may reclaim the winning package from the the clock phase by raising his bid for that
package by the final clock prices of the unsold items (see Cramton (2012) and Ausubel and
Cramton (2011)). But that may prove too expensive for this option to be of practical value
to the bidders.

Third, when all items are sold by the end of the clock phase, the allocation remains
unchanged, but the prices the bidders pay depend on their opponents’ bids only. Since
their winning licenses remain unchanged and their payments do not depend on their bids,
the bidders become indifferent among all feasible package bids (allowed by the standard
revealed preference activity rule). As explained in detail in Appendix B, this ambiguous
bidding incentive in the proxy phase could lead to excessively low revenue for the seller,
susceptibility to collusion, and distorted incentives in the clock phase and inefficiencies.

Overall, the feature that “everything is up for grabs again in the supplementary round”
can be perceived as introducing too much complexity /uncertainty into the process for the
participants. Such uncertainty may in turn make it difficult for the bidders to form a
valuation for the clock phase. And this could hinder price discovery (of even individual
items) and may entail underbidding in the clock phase.

Limiting the scope of supplementary bidding to only those items that have not been sold

by the clock phase makes the procedure much simpler and more predictable and transparent

20In the UK 10-40 GHz auction which used a version of CCA, the final prices of licenses were 20-30% of
the winning clock bids in the initial phase, even though the relative prices were stable across the two phases
(see Cramton (2008)).
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in terms of the consequence of the bidding behavior in the clock phase. In particular, those
items that are sold in the initial clock phase will not be subject to any further uncertainty
in terms of allocation and prices. The fact that the items sold in the clock phase will be
unavailable and the uncertainty on whether the FCC will opt to resell the unsold items
immediately will also encourage more sincere bidding in the clock phase, contributing to the

efficient allocation of the licenses through the clock phase.?!

10 Improved Assignment Phase

As noted earlier, the current procedure for assignment does not allow bidders to express
preferences for horizontal contiguity across licenses won in different EAs. Here, we pro-
pose simple modifications of the MALS assignment procedure that can enhance efficient
assignment and horizontal contiguity. Obviously, the problem of allocational efficiency and
horizontal contiguity can be treated most effectively by introducing package bids, as envi-
sioned by our Clock Package Auction proposal. The methods discussed here will be most
useful if such a comprehensive bidding approach is not adopted, but may be useful even with
its use, to the extent that the number of packages allowed may be limited, or when bidders
desire vertical contiguity between a package and single EA license in an area covered by the

package.

21Some demand that would be present if all units are available for sale may not be present if only some
items are available for sale, and this may make the supplementary bidding not as competitive as it could be,
and in principle this may create incentives for bidders to strategically reduce demand in the clock phase. We
do not believe that this is a significant issue. The risk of the desired items being sold in the clock phase (and
thus not being available for the supplementary phase), and the uncertainty regarding the FCC’s exercise of
the option for immediate resale will make such strategic behavior very costly.
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10.1 Random Priority with Enriched Preferences

The NPRM suggests a possibility of a Random Priority (“RP”) assignment of specific fre-
quency blocks. Efficiency could be enhanced by enriching the preference language for alter-
native frequency blocks across multiple EAs, and applying the Random Priority rule with
respect to these preferences. More precisely, instead of rank-ordering alternative frequency
blocks in each EA separately, the FCC would allow bidders to rank-order alternative combi-
nations of frequency blocks across different EAs. To illustrate, recall Example 2 introduced
earlier: there are two EAs, FA; and FA,; each FA; has three frequency blocks: A;, B;, C;
for i = 1,2; all three blocks are cleared in FA; but only two of them are cleared in FAjy;
and the remaining station in FA; can be moved to any block. There are three bidders, 1,
2, 3 in the forward auction. Bidder 1 and bidder 2 each won 1 license in each EA, whereas
bidder 3 won only one license in F'A; in the forward auction.

Suppose bidder 1 ranks: Ay Ay — B1By— A1 By — B1 Ay — - - -. Bidder 2 may rank similarly:
A1Ay — B1By — B1As — A1 By - - - . One can then define the random priority rule analogously
but over both EAs. To illustrate, suppose that bidder 3 ranks C; — B; — A;. In this case, again
bidder 3 will get C; in EA;. And bidders 1 and 2 will get (A; A2, B1Bs) and (B Bs, A1 As)
with equal probability 1/2. Hence, in this way, we achieve full horizontal contiguity.

The example was (deliberately) simple. Matters become more complicated if bidder 3
ranks: A; — B; — (', and the remaining station in £'As; must keep C5, or Cs is too impaired
to be of any value to the bidders. In that case, with probability 1/3, bidder 3 goes first and
will pick A; in FA;, in which case the next bidder will get B;Bs, and the last bidder will

get (1 As. More precisely, each of the following six assignments,

(A1A27 BlBQ; Cl)y (B1327 AlAQ; Cl)y (AIAQa 01327 Bl)

(ClBl7 A1A27 Bl)? (B1B27 ClA27 Al)? (01A27 BlB27 Al)
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will be selected with probability 1/6 (where again the first component denotes bidder 1’s
assignment, the second denotes bidder 2’s assignment, and the third denotes bidder 3’s).

In this case, the new version of the RP assignment does not work as well in preserving
horizontal contiguity.?> A further improvement can be made if the FCC restricts the set of
admissible assignments to be those that guarantee (or optimize on) horizontal contiguity.
For instance, if it is known that bidder 3’s gain from having A instead of B is not very
large whereas the loss from not having inter-EA contiguity is very large, then the FCC may
declare only two assignments, (A;As, B1Bs,C}) and (BB, A1 A2, Ch), to be admissible. In
this case, horizontal contiguity can be guaranteed, although bidder 3 may be worse off. Of
course, the FCC may take a middle ground by declaring C; A5 or A;Cs to be too inefficient
to be a part of an admissible set of assignments. In that case, the RP will be run so that
each winner at his turn can only choose from the set of assignments that does not include
these two outcomes.

More generally, the improved version of the RP assignment procedure can be stated as

follows.

e The FCC picks an extended area X’ (which could be the entire nation or one or multiple
MEAs or REAGs) which contains multiple EAs. The extended area X should be
chosen to be the minimal region such that a failure to attain horizontal contiguity

across different EAs within X would entail a nontrivial loss to a bidder.

e The FCC next picks the set of “admissible” ways of allocating the cleared blocks in
the EAs contained in X to the winners of the corresponding objects. For instance, the
FCC could first impose vertical contiguity (to the extent this is guaranteed, as with

the NPRM and MALS) and horizontal contiguity for the packages (for which hori-

22Nevertheless, this rule does a better job of accounting for bidders’ preferences for horizontal continuity
than does the NPRM proposal. In fact, the new version produces an assignment that is Pareto efficient,
whereas the outcome from simple the RP assignment fails to be Pareto efficient. Furthermore, the procedure
is strategy-proof, making it a weakly dominant strategy for each bidder to reveal his preferences truthfully.
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zontal contiguity is guaranteed) and identify the set of feasible assignments satisfying
these guarantees. Next, the FCC may impose a suitably-chosen degree of horizontal
contiguity it deems as desirable based on an appropriate metric. For instance, the
FCC may require that each admissible assignment should satisfy horizontal contiguity
over a certain minimal fraction of areas over which each bidder has won licenses (e.g.,

measured by the number of pairs of adjacent EAs in which a bidder has won licenses).

e FEach winner of any license within X ranks his possible allocations from the set of

admissible allocations.

e The FCC next runs the RP assignment procedure based on the preference rankings

submitted by the bidders.
The next result is standard:

Theorem 3. The generalized RP is strategyproof and produces an assignment that is Pareto

efficient within the set of admissible allocations.

Vertical contiguity and horizontal contiguity may sometimes be in conflict with each
other, and it may be impossible to satisfy both. The current proposal will resolve the
tradeoff in three ways: (1) through the contiguity guarantee that comes with a package, (2)
through the set of admissible assignments determined by the FCC, and (3) through the rich
preferences submitted by the winners.

To illustrate, suppose there are three EAs: FA;, FAy and FAs;. FA; and EFAy have
each 3 blocks, A, B and C, cleared from the reverse auction. F A3z has 2 blocks: A and B.
Suppose all three EAs are pairwise adjacent. Two bidders have won in these EAs. Bidder x
won two licenses in £ A; and one license in each of £ A, and EAs. Bidder y won two licenses
in F Ay and won one license in each of KA, and EFAs.

Let us first see that it is impossible to satisfy both vertical and horizontal contiguity of

assignments. Vertical contiguity for bidder x in £ A; means that he should win either AB
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or BC in EA,. For the same reason, bidder y should win either AB or BC' in E'A,. In case
bidder x wins AB in F Ay, horizontal contiguity between FA; and E'As; demands that bidder
y should win BC' in E'A,. Finally, horizontal contiguity for bidder = between F'A; and F A3
means that he should get A in FA;. But then bidder y must get B in E A3, violating the
contiguity between EF'A; and F A3 for that bidder. The case in which bidder = gets BC' has
a similar violation of horizontal contiguity.

The proposed assignment scheme would resolve the conflict in the following way. First,
horizontal contiguity guaranteed for a package must be respected. Second, the FCC may
ensure vertical contiguity within each EA for the winners (to the extent it can). Third, the
FCC may maximize the number of pairs of adjacent EAs for which horizontal contiguity
of licenses (won as single licenses and between single licenses and package of licenses) is
satisfied.

To illustrate, assume that the three EAs form a single MEA. Suppose first that each of
the two bidders won one MEA package and one single EA license (one in EA; for x and one

in F Ay for y). Then, the above procedure results in two admissible assignments.

Table 1: Admissible Assignments with Two Package Winners

A B C|A B C
FA |z y x|y x «x
EAylz y yly = vy
EAs |z gy Yy x

Notice that vertical contiguity must be violated for one bidder, since the horizontal
contiguity guarantee that comes with each MEA package must be respected first. Of these
two admissible assignments, one will be chosen by the RP rule. Unless the specific frequency
block matters much, the first assignment will be chosen if bidder y is selected to go first
(since it ensures vertical contiguity for y but not for x) and for the same reason, the second

assignment will be chosen if bidder z is selected to go first.
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Suppose next that only bidder z has won MEA package (and two single EA licenses), and
bidder y won all licenses as single EA licenses. In this case, the assumed procedure yields a

unique admissible assignment.

Table 2: Admissible Assignment with One Package Winner

A B C
EA |z x gy
EAy |z y y
EAg r Yy

Bidder x enjoys vertical contiguity across licenses within each EA and horizontal conti-
guity across EAs. Bidder y attains vertical contiguity of licenses within each EA, but the

horizontal contiguity between F'A; and E Az is not satisfied.

10.2 Assignment Auction

The random priority assignment is sensible only when the bidders do not find the value
differences across particular frequency blocks to be large, and the FCC can limit the set of
admissible assignments to guarantee contiguity of frequency assignments across regions for
the winners of geographically adjacent licenses. An alternative would be to hold an auction
to determine the assignment. One possibility is to use the assignment auction prescribed by
Cramton (2012), also used in the UK 10-40 GHz auction. According to this method, winners
of the principal auction stage bid for preferred assignments. The winners can submit multiple
(or possibly no) bids for their preferred assignments that are consistent with their winning
awards of the principal auction, and the auction manager selects a collection of bids, at most
one bid from each bidder, that are maximal among all possible collections that produce
feasible assignments. The winning bidders are then charged the VCG-nearest core prices for

their assignments.
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In the example from Section 10.1, even without the FCC limiting the admissible assign-
ments, such an auction is likely to produce contiguous assignments across the regions for
bidders 1 and 2. If bidder 3 has weak preferences over alternative frequencies in F Ay, then
he will bid very little, if any, for his preferred frequency block, and bidders 1 and 2 will bid
seriously for A; As and B Bs (to the extent that they value contiguous assignments), so they
will outbid bidder 3 and secure a contiguous assignment. At the same time, the need to
respect the horizontal contiguity for the package items will still limit the set of admissible
assignments.

While there may be potentially many assignments a bidder can bid for, the auction will
be relatively straightforward from the perspective of bidders since important matters such
as how many licenses they win in each region will have been already settled. In particular, a
bidder can, and will typically, bid for a small number of select assignments (as was the case
with the UK auction). The pricing rule also limits the incentives for non-truthful bidding

and is envy free.

11 Other Concerns and Recommendations

11.1 Generic Licenses

The treatment of licenses as generic within market and class of license is essential to the
MALS design and our CPA proposal. This feature has a number of desirable properties as
long as licenses designated as generic actually are equivalent. It is essential that the band
plan be designed to minimize interference or other impairment of licenses, so that genericity
of licenses is genuine. If in limited cases licenses do unavoidably differ substantially, they
must be treated as non-fungible in the forward auction. Failure of the auction design to
distinguish adequately between heterogeneous licenses would lead to a significant exposure

problem, conservative bidding, and inefficient allocations.
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11.2 Bidding Credits

The NPRM proposes offering bidder credits of 15 percent to “small businesses” and 25
percent to “very small businesses.” Bidding credits have been used toward this end in past
FCC spectrum auctions, and the FCC proposes to do so again in the forward auction.?

However, an important difference from past auctions is the interaction between the for-
ward and reverse auctions. Consequently, the result of favoring designated entities through
discounts will not merely be to favor designated entities in the allocation of spectrum for
wireless services. It will also favor the status quo, i.e., allocation of spectrum to current
broadcast television licensees. Discounts offered to designated entities may result in a failure
of closing conditions for a target quantity of spectrum, even when bidders in the forward auc-
tion are offering prices sufficient to meet the net revenue requirement.?* The result will not
be the intended one: instead of tilting the allocation toward designated entities in the mobile
wireless industry, the quantity of spectrum made available to mobile wireless—including to
designated entities—will be reduced.

What is needed is an alternative that preserves the desired preferential treatment of des-
ignated entities when it comes to the question of how mobile wireless spectrum is allocated,
but does so without adversely influencing the question of whether spectrum is allocated to
mobile wireless. This is possible with a simple modification of the NPRM proposal. Bidding
credits could be made contingent on satisfaction of the net revenue requirement, and phased

in gradually to allow the maximum feasible bidding credit (up to the 15 and 25 percent

23 Ayres and Cramton (1996) point out that bidding credits could sometimes enhance revenues by creating
competition for licenses attracting few large bidders. This outcome may be less likely with the proposed
auction design due to the use of generic licenses. Nonetheless, our proposal below would not affect any
revenue enhancing feature of bidding credits.

24Consider an example with one license and two bidders: a very small business with valuation 65 and a
non-designated entity with valuation 80. Suppose that the net revenue requirement is 62. The designated
entity’s 25% bidding credit allows it to become the provisional winner in the clock auction at a price of 80.
However, its payment would be only 60. Thus the net revenue requirement fails. Here this occurs even
though both bidders would be willing to pay more than the required net revenue of 62 for the license.
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levels) that can be accommodated without leading to a revenue shortfall.?®  This need not
introduce uncertainty for designated entities. They can be told the bidding credit they are
eligible for at each price vector. Nor would the auction be disrupted when the bidding
credits “kick in,” since the only effect would be an increase in demand. This modification of
the bidding credit program would require only relaxation of the activity rule for designated
entities, allowing them to take advantage of the credits. This should be straightforward.
This proposal is a sharply targeted remedy to the problem that bidding credits could
lead to net revenue failure. Under straightforward bidding, the proposed modification would
have no effect when the net revenue requirement would have been satisfied under the original
proposal. Likewise, if the net revenue requirement fails under our proposed bidding credit
system, it would also fail under the original system. Thus the only cases in which our
proposed change would have an effect is when the net revenue condition would be satisfied

under our proposal but would have failed under the original proposal.

11.3 Activity Rule

The purpose of the Activity rule is to prevent bid sniping®® and encourage straightforward
bidding, both of which are important for effective price discovery. The basic idea behind such
an activity rule is to constrain bidding behavior to be consistent with straightforward bidding.
Traditionally, the activity rule used by the FCC in past auctions has been a “monotonicity

rule,” requiring that the aggregate quantity demanded by a bidder—typically measured by

25Tn the simple example above, bidding credits would kick in as soon as the price reached 62. At a price
of 65, for example, the very small business could receive a bidding credit of 3; at a price of 70, a bidding
credit of 8.

20Bid sniping refers to the strategy of waiting (i.e., bidding low or insincerely) until the last minute of

the auction to bid seriously. When permitted, bidders have incentives to engage in such behavior in order
to conceal their preferences and thereby increase their chances to win desired items at low prices.
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MHz x Population—mnot increase over the course of the auction.?” This rule works well
when the items are homogeneous, but not well when they are heterogeneous. For instance,
the prices of different EA licenses may vary widely on a per MHz x Pop basis. In that
case, straightforward bidding behavior may require switching to a larger package when its
price becomes relatively cheaper, but this behavior will not be allowed by the monotonicity
rule. This activity rule is also susceptible to “parking,” a strategy of bidding initially on
underpriced or low-value objects with high quantity so as to keep the the prices on desired
objects from rising quickly. Such behavior inhibits price discovery, and may distort prices
and hinder efficient allocation.

An alternative “revealed preference” activity rule proposed by Cramton (2012) and
Ausubel, Cramton, and Milgrom (2006) is more flexible and is immune to parking behavior.
In words, the revealed preference requirement would allow a bidder to switch to a larger pack-
age as long as that package has become relatively cheaper than the package she demanded
at the previous round. The hybrid version suggested by Ausubel and Cramton (2011), which
uses the traditional eligibility monotonicity rule but allows bidders to switch to large pack-
ages as allowed by the revealed preference requirement,?® appears to offer further flexibility
to the bidders. These rules appear to be sensible for both the clock auction proposed by the
NPRM and the CPA proposed here.

2TSpecifically, according to this rule, each bidder 4 must bid within his eligibility point E}, which is set
initially (say at E{) based on the deposit posted by the bidder, and evolves over time to equal the smaller
of his bidding activity e - ¢! at round ¢ and the eligibility point E; ; at the previous round (where e refers
to the vector of eligibility points for the products the bidder is bidding on, ¢} refers to the quantity bidder i
demands or bids at round t¢.)

28 More precisely, under the Simplified Revealed Preference rule, at any round in the Clock Phase a bidder
can bid on a larger package than would be permitted by the bidder’s current eligibility, provided that the
package satisfies “revealed preference” with respect to each prior round’s bid in which eligibility was reduced
(Ausubel and Cramton (2011)). The rule states that in Clock round ¢, bidder ¢ can bid an package ¢ if

e q < Ej,

or
(Pt —ps) - (@ —qs) <0,

for each previous round s at which her eligibility was reduced.
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Part II1

Reverse Auction

12 The NPRM and MALS Proposals

Broadcast television bands currently occupy 294 MHz of spectrum in five different bands
allocated for broadcasting use. The density of broadcast television licensees varies sig-
nificantly across markets, and licensees themselves differ substantially in their geographic
coverages (“contours”), depending on such factors as location, transmitter power, antenna
height, local terrain, etc. In many markets, substantial spectrum in the broadcast television
allocation is unused. Because television and mobile wireless uses are incompatible, reallocat-
ing portions of the spectrum to mobile wireless uses requires relocating television licensees.
By shifting broadcasters to a single portion of the spectrum, sufficient bandwidth may be
cleared to permit viable mobile wireless services to be offered in the remaining portion.

Although legislation gives the FCC authority to relocate (“repack”) broadcast television
licensees within or across the broadcast television blocks, this must be done in a way that
does not unduly affect licensees’ contours. The ease of meeting this requirement will vary
considerably across markets and across incumbent licensees within markets. Further, in
some large metropolitan markets there are many television licensees.  In such markets,
even after repacking there might be relatively little spectrum available for wireless services.
Such markets may, however, also be some of the most valuable markets for mobile wireless
services.

The Spectrum Act authorizes the FCC to resolve the competing demand for the scarce
spectrum through voluntary participation in “incentive auctions” in which television licensees

can offer to relinquish their licenses. The market design problem for the FCC is to provide
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an auction mechanism that selects voluntary offers to relinquish while also accounting for the
constraints on repacking broadcasters in a way that adequately respects their contours. This
need to repack without introducing interference introduces significant complications to the
design of the reverse auction. Repacking constraints are “global,” in the sense that placing
a broadcaster in one market in a particular frequency can affect the feasibility of placing
broadcasters in the same or nearby frequencies in other markets. For example, Washington,
D.C. and Philadelphia, PA are sufficiently proximate that use of a UHF television channel in
one may preclude use of the same channel in the other market. For the same reason, decisions
regarding channel usage in Philadelphia may affect New York City, which then may affect
Bridgeport, CT, and then Boston, MA. Similarly, a Washington D.C. assignment may affect
feasible assignments in Baltimore, MD and possibly Richmond, VA. Thus, channel usage
can have a “daisy-chain” effect that can link major metropolitan areas—as well as smaller

communities—that are hundreds of miles apart.

12.1 Descending Clock Auction

MALS proposes a simultaneous descending clock design for the reverse auction. The reverse
auction would begin with provisional target quantities of spectrum to be cleared in each
market. Although there would be a single nationwide reverse auction, it will utilize different
clocks for each market and each relinquishment option—e.g., go off the air, share with another
station, or move to a lower band. The option to “remain in the current band” (i.e., to be
repacked) is always available as well. Bidders who do not participate in the auction are
automatically assigned to this option. Participation in the auction is strictly voluntary.
Clock prices may differ across bidders within a market and may move at different speeds,
due to differences in coverage areas, in the feasibility of each option, in the costs of repacking,
or in the effect of repacking one station on the ease of repacking others.

The auction clocks begin with high initial (“reserve”) prices chosen by the FCC for each
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feasible relinquishment option in each market. Each bidder selects the option he finds most
attractive at these prices. Roughly speaking, prices are then lowered, bidders again express
their preferences, and the process iterates until prices reach a level just low enough that the
quantity of spectrum offered in each market equals the target quantity.

Complicating this simple description is the fact that feasibility considerations will limit
repacking options. Each clearing target determines the amount of spectrum available for
repacking bidders who choose to stay on the air. Before prices are adjusted during the
auction, the feasibility of repacking each remaining bidder (i.e., the feasibility of adding that
bidder to the set to be repacked) must first be checked. If it becomes infeasible for a given
bidder to be repacked, his current relinquishment offer will be provisionally accepted at the
current clock price for that option. The feasibility checking iterates until it is the case that
each remaining bidder could feasibly be repacked. Only at this point do clock prices decline
for these remaining bidders.

A significant virtue of the clock design is its simplicity from the perspective of bidders.
Although complicated repacking constraints operate in the background, the rules of the auc-
tion are transparent, making it easy for bidders to see how their actions determine outcomes
and payments. Further, given appropriate rules for controlling clock prices,? bidders have
clear and strong incentives to follow a straightforward bidding strategy—i.e., always to select
the option that would maximize one’s own profit if the current clock prices were to be the

final prices.

Theorem 4. Consider the MALS reverse auction and assume that clock prices decline con-
tinuously and with speeds that do not depend on the actions of bidders. Then straightforward

bidding is a weakly dominant strategy for all bidders.

Proof. See Appendix C. O

29The NPRM and MALS are not explicit about the rules that will govern adjustment of clock prices for
feasible relinquishment options. As Theorem 4 suggests, we see some potential for distortion of incentives
if the rates at which prices adjust depend on bidder offers.
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12.2 Other Reverse Auction Designs

The NPRM also suggests an alternative to the descending clock auction design. Details are
not provided, but broadly the proposal involves collecting price offers from reverse auction
bidders and choosing winners (or, perhaps, provisional winners in each of a sequence of

rounds) to minimize payments to bidders subject to repacking constraints.

13 Primary Concerns

13.1 Computational Complexity

Constraints on repacking broadcasters cause issues of auction design and computational
complexity to be intertwined here in a way that has not previously been well explored. As
already noted, two types of auction design have been proposed by MALS and the NPRM.
One is a descending clock auction, using real-time feasibility checking. The other is an un-
specified sealed bid auction design in which optimization over relinquishment offers (subject
to feasible repacking) might play a prominent role.

In general the types of feasibility checking and constrained optimization problems in-
volved in such auction designs can present severe computational challenges. The NPRM is
vague about the nature of the repacking constraints and imprecise about the amenability of
the constrained optimization problem to solution using standard or specialized algorithms. In
some cases the NPRM discusses use of approximate solutions. In the worst case, approxima-
tion approaches can perform extremely poorly. Further, here the quality of an approximation
depends not only on proximity to the true solution, but also on how the optimization affects
the performance of the auction as a whole.

Without details on the repacking constraints, it is impossible to evaluate the likely per-

formance of potential full solution or approximate solution algorithms. Although certain
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auction designs may ease or worsen the computational complexity or performance of ap-
proximate solutions, similar issues are likely to arise in any of the contemplated reverse
auction designs.

We elaborate on these issues in section 15 below.

13.2 Delay and Uncertainty Due to Target Failures

If the FCC chooses initial clearing targets appropriately,® these will be quite high, reflecting
an attempt to maximize opportunities for efficient trade. This will almost certainly lead to
multiple clearing targets being tried before one is found that allows satisfaction of closing
conditions for the grand auction.

Under the current rules, each time the target is reduced, the forward auction must pause
while reverse auction bidders are reconvened in order to obtain new “supply” prices for the
reduced target quantities. In addition to the burden this creates for bidders, this feature of
the auction design will delay completion of the grand auction. It may also introduce uncer-
tainty for reverse auction bidders, since truthful bidding would require some broadcasters to

take actions that commit them to assignments days or weeks ahead of other bidders.

14 Single-Pass Reverse Auction

An alternative to the proposed sequence of reverse auctions contemplated by MALS is to
conduct the reverse auction in a single pass. The simple idea is that instead of stopping
the auction when prices for the most optimistic target (), are reached, the auction would
continue and trace out the “supply curve” over the entire range of potential clearing targets.
We describe two variations of the basic idea. These differ in whether bidder optimization

over the alternative relinquishment options is done by bidders themselves or by proxy.

30MALS propose to set initial clearing targets based on the supply offered at high initial reserve prices.
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We see at least four potential gains from the single-pass option:

1. greater simplicity for reverse auction bidders;

2. avoidance of delay and inconvenience for bidders when a closing target fails;
3. enabling improved efficiency in a two-sided closing trial (see section 18);

4. avoiding real-time feasibility checking.

The first three gains can be achieved with our baseline proposal. The last takes advantage

of proxy bidding.

14.1 Single-Pass: Baseline

Our baseline proposal would alter the reverse auction design only slightly. Instead of con-
ducting a sequence of reverse auctions, each with a progressively smaller clearing target, just
one reverse auction would be held. Let ()1, Qs, ..., Q7 represent all possible clearing targets
entertained by the FCC, listed in descending order. In the single pass reverse auction, the
FCC would start the auction at prices more than sufficient to clear (), just as it would
in the first of its sequence of reverse auctions under the MALS proposal. But instead of
stopping when prices for this clearing target are reached, the auction would continue with
prices falling until the quantity of spectrum offered in each market reaches (). Bidders’
exit prices would be recorded, allowing the FCC to “replay” the reverse auction from the
beginning to any desired clearing target. These “replayed” auctions would be used to reveal
the payments required for any possible clearing target.

The interaction with the forward auction would then be exactly as originally proposed.
The clearing target ); would be tried first in the forward auction. If the revenues obtained
there exceeded the total cost implied by the reverse auction bids for the target ()q, the

grand auction would end. Otherwise the forward auction would continue with the lower
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clearing target (). However, rather than reconvening the reverse auction to establish the
(lower) prices for the new target, these new prices would simply be reconstructed from the
single-pass reverse auction.

The single-pass option changes bidding in the reverse auction very little. A bidder must
still come to the auction with a reservation value in mind for each of the possible relinquish-
ment options. A bidder’s options during the auction would be identical to those under the
original proposal, and the rules determining prices paid to bidders for each relinquishment
option would be no different. Just as in the original proposal, bidders’ choices between re-
linquishment options would be binding offers. We also see no change in a bidder’s incentive
for straightforward bidding.?!

The single pass option offers several advantages. One is elimination of the need for a
new reverse auction each time a clearing target fails. This would simplify participation in
the reverse auction. It would also avoid delay: rather than pausing the forward auction
to reconvene reverse auction bidders each time the clearing target is adjusted, the forward
auction could proceed without interruption.

The single-pass design also simplifies participation of reverse auction bidders in a “two-
sided closing trial” and would further allow the FCC to minimize the likelihood of “over-
shooting” during a closing trial (see section 18 below). This could lead to more cleared
spectrum. Another advantage is that bidders would be assured that all broadcaster offers

were chosen the same day; unlike the MALS design, here a bidder need not worry that the

31 Consider a simple example with 3 bidders in a market where the clearing target may be 1 or 2 licenses.
Suppose that the only options for bidders are to go off the air or remain in their original band (exit). We
can divide the auction into two phases: phase 1 covers the period before any bidder exits, and phase 2 is
the period between the first and second exits. Suppose that exits are revealed during the reverse auction,
so that bidders know the current phase. Consider phase 1. Exiting implies obtaining zero profit (zero gain
over the value of remaining on the air). So by standard arguments, exiting at a price above one’s valuation
is weakly dominated. Further, since the price will only decline further in phase 2, standard arguments imply
that remaining in the auction at prices below one’s valuation is weakly dominated. Now consider phase 2.
The price for clearing 2 licenses has already been determined. So what remains is a single-unit descending
auction, where standard arguments imply that bidding one’s reservation value is weakly dominant.
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final offers of different T'V stations might be made days or weeks apart. Such concerns could
adversely affect participation and bidding in the auction if bidders believe that new informa-
tion affecting valuations might arrive in the period between the first MALS reverse auction
and the last.

A possible concern is that reverse auction bidders might be reluctant to reveal informa-
tion unnecessarily. For example, consider a bidder with a reservation value for going off the
air that is well below what turns out to be the final market clearing price. Under the MALS
design, such a bidder would have no need to reveal just how low a price he would have been

32 How-

willing to accept, whereas a single-pass reverse auction may collect this information.
ever, we understand that the FCC has well established procedures for protecting confidential

information.

14.2 Single-Pass with Proxy Bidding

Conducting the single-pass auction by prory may offer additional benefits. With proxy
bidding, bidders would be asked once to report reservation values for each relinquishment
option through proxy-agent software. The rules of the auction for a given target ¢); would
be identical to that originally proposed. However all bidding would be done by the proxy
agent. The proxy agent would implement a straightforward bidding strategy for each bidder.
Specifically, at each vector of prices offered by the auction’s descending price algorithm, the
proxy agent for bidder i would choose the relinquishment option (or “exit”) that is most
profitable to ¢ according to i’s reported reservation values. The proxy auction would stop
when prices for the target ()7 are reached.

The primary gain from proxy bidding is that there would be no need for real-time feasibil-

ity checking or other optimization. This will ensure that the auction will not stall between

32 Any such bidder is one who ends up accepting an offer to clear, and bidders giving up their licenses
may be less concerned about revealing their reservation values.
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rounds due to computational difficulties. It may also allow more complete solutions of the
underlying repacking problems, leading to more efficient clearing, i.e., assurance that the

most favorable supply offers are accepted.

15 Addressing Algorithmic Issues

Stepping back from any particular reverse auction design, optimal clearing of a given target
quantity of spectrum would minimize the total costs of clearing (i.e., the value of relin-
quished spectrum allocations) and of repacking television broadcasters who remain on the
air. Reaching this fully optimal solution is certainly infeasible. One problem is that of incen-
tive compatibility: current licensees cannot be compelled to reveal the values they place on
their current spectrum allocations and must voluntarily agree to the terms of any relinquish-
ment. This alone makes it impossible to pay each cleared television licensee the lowest price
it would accept for its license. A second problem is the computational complexity involved
in finding a cost-minimizing allocation. This complexity arises from the effect of repacking
one station on the feasibility (or cost) of repacking others. Even if bidders’ reservation values
were known to the FCC, the cost minimization problem is an integer programming problem
of a type known to be computationally hard in general. The unique challenge in the reverse
auction design is to handle adequately both incentive compatibility and computational fea-
sibility while also keeping the rules sufficiently simple and transparent. Here we discuss this
challenge in further detail.

The MALS clock auction offers an approach in which each bidder has a strong incentive
to offer to relinquish whenever the price exceeds his true reservation value (recall Theorem
4). Taking these strategies as given, the MALS clock auction design replaces minimization
of total cost with minimization of payments to cleared licensees, subject to sequential veri-

fication of repacking feasibility. As long as more bidders than necessary are volunteering to
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be cleared, prices fall, leading to repacking of bidders with the highest reservation values.
In the simplest form of the proposed design, repacking constraints would enter only through
verification that it is feasible to repack a bidder before he is offered a new set of prices.
This approach puts priority on the cost of clearing relative to the cost of repacking. Only
when it is infeasible for a bidder to be repacked would the auction allow repacking costs to
affect the choice of which broadcasters are to be cleared. Possible variations include using
repacking constraints to adjust relative clock speeds or to score bidders’ offers. This would
allow repacking costs to play a larger role, but repacking would still be done sequentially,
possibly leading to suboptimal choices.

Of course, the clock auction design is also what leads to the simple and transparent
incentives for bidders. Other auction designs might improve on the repacking optimization
given a set of price offers from bidders, but these offers may be systematically different from
those in a clock auction. How such tradeoffs could affect the overall efficiency of the MALS
design relative to other options may depend on the nature of the repacking constraints, about
which the FCC has thus far released little information.

Further, the MALS clock auction does not avoid significant computational challenge.
Formally, feasibility checking takes the form of a “graph coloring problem,” which is known
to be computationally hard in the worst case. Without knowing the fine details of repacking
constraints, it is impossible to determine whether the feasibility checking required by the
MALS proposal is itself computationally feasible.

The NPRM also entertains other types of reverse auction designs, where full optimization
over bids and repacking costs might play a more prominent role. Few details are provided,
making a careful analysis of such options difficult.

Below we elaborate on these issues. However, our overriding message is that by releasing
more detailed specifications of the repacking constraints involved, the FCC would enable

outside experts to better assess the likely performance of the proposed reverse auction design
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and alternatives. Such analysis could clarify which of the mechanisms under consideration
may be vulnerable to the computational concerns we discuss, and allow development of new
specialized algorithms for the repacking problem that might yield substantial improvements

in performance.

15.1 Background and Context

Both the NPRM and the MALS proposal discuss several variations for the structure of the
reverse auction. The overarching goal of the reverse auction is to clear a targeted amount
of broadcast spectrum in an efficient manner, ideally while minimizing overall costs (in the
form of direct payments to the broadcasters and costs associated with repacking broadcasters
remaining on-air). Both documents correctly emphasize that the primary computational
challenge in meeting this goal arises from the repacking constraints. In the absence of such
constraints, the reverse auction would require nothing more than selecting those broadcasters
demanding the lowest prices (regardless of the auction mechanism details), and paying them
to clear their spectrum (up to the targeted amount), while repacking the highest bidding
broadcasters. In the presence of repacking constraints, minimizing costs for clearing the
desired spectrum may become computationally intractable, and force consideration of various
heuristic and suboptimal algorithms.

The repacking constraints are physical, engineering and policy constraints that are ex-
ogenous to broadcaster prices, bids and valuations. Broadly speaking, they arise from in-
terference considerations due to the physical and frequency proximity of broadcasters —
i.e. if two broadcasters are close enough geographically, and are assigned the same or ad-
jacent channels, interference may occur. Geographic terrain also influences the strength of
broadcaster signals. Such sources of interference already exist within the current assign-
ments of broadcasters to frequencies, and define the current “coverage area” or “contour” of

a given broadcaster. The repacking constraints arise from the regulatory requirement that
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any broadcaster choosing to remain within their current band must be repacked in a way
that adequately respects the broadcaster’s current coverage area or service contour.®?

To a first approximation, then, repacking constraints can be thought of as constraints
between certain pairs of broadcasters: if broadcasters A and B are geographically proxi-
mate, and currently on sufficiently different channels that neither interferes with the other’s
service area, but relocating them on the same or adjacent channels would create too much
new interference (as defined by the regulatory requirements), then they cannot be repacked
together in this way.

We can view these pairwise constraints as forming a network or graph in which there is
a node or vertex representing each broadcaster in the nation, and there is an edge or link
between any pair of vertices whose corresponding broadcasters are constrained in the above
manner (i.e. cannot be relocated on the same or adjacent channels without creating too
much new interference). This is a large, complex and dense network, and its meaning for
the repacking process is clear: once we have decided to repack broadcaster A on channel c,
we are then unable to repack any network neighbor of A on any of channels ¢ — 1,¢,¢+ 1.
Repacking decisions thus have consequences that propagate in both the spatial and frequency
dimensions: repacking A on channel ¢ not only constrains repacking geographically proximate
broadcasters on ¢ (spatial propagation), but also on channels ¢ — 1 and ¢ + 1 (frequency
propagation). In other words, “local” decisions can have “long-distance” effects.

It is such long-distance influences through the repacking constraint network that give
rise to a computationally challenging repacking problem for any proposal for the reverse
auction mechanism. The simplest version of the repacking problem is referred to as feasibility

checking in the NPRM and MALS documents, and can be formulated as follows: Given the

repacking constraint graph G over n broadcasters (vertices) described above, and a subset R

33The NPRM discusses several different possible interpretations of this requirement, none of whose details
materially alter the subsequent discussion.
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of the broadcasters to be repacked, determine if there is an assignment of the broadcasters
in R onto k contiguous channels in a way that obeys all the repacking constraints in G. In
an optimization version of the problem, there is a price or valuation associated with each
broadcaster, and the goal is to find the set R of size k that can be feasibly repacked whose
sum of prices or valuations is maximized (e.g. thus minimizing the cost for clearing the set
of winning broadcasters).

As we shall discuss, depending on the details of the particular reverse auction mecha-
nism under consideration, one of these variants of the repacking problem arises.>* But the
computational complexity of all of these problems is that they are all provably intractable
on worst-case inputs.*® This means that if the graph G is arbitrary, then the best algorithm
for solving these problems will require computation time that scales exponentially with the
number of broadcasters; in practice, this would mean that these problems could be feasibly
solved only for very small instances, much smaller than the number of broadcasters who will
participate in the reverse auction.

Given this worst-case computational intractability of repacking problems, there are three

broad approaches that can be considered:*°

1. Employ general-purpose algorithms known to find optimal or exact solutions, even
though their worst-case running time may be computationally infeasible, and hope that
the actual running times on the “real data” (most importantly, the actual repacking
constraints, but also potentially including clearing targets, prices, etc.) will in reality

be manageably modest.

34 The first variant arises in the descending clock auction, while the second arises in sealed-bid mechanisms.
35This can be proven via a reduction from the well-known graph coloring problem.

36Tt is worth remarking that some variations of the mechanisms under consideration could greatly ease
the real-time computational burdens of the reverse auction. For example, the single-pass clock auction with
proxy bidding discussed in Section 14.2 would permit feasibility checking computations to be performed
“offline” (that is, not during the auction itself, but after the fact), which might allow slower algorithms that
find better solutions.
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2. Employ general-purpose algorithms known to be computationally efficient, but which

may find suboptimal or approximate solutions.

3. Design special-purpose algorithms that exploit the structure of the actual repacking

constraints, hopefully achieving fast computation time and near-optimal solutions.

Approaches 1 and 2 require no advance knowledge of the repacking constraints (though
knowledge of them may permit simulations that shed light on the efficacy of these approaches,
which we discuss later), while Approach 3 inherently assumes such knowledge. Note further
that hybrids of the three approaches are also possible, and may yield the most appealing
tradeofts.

We now proceed to discuss the computational challenges presented by repacking in the
context of the specific reverse auction mechanisms under consideration, concentrating pri-
marily on the descending clock auction of the MALS proposal. Our primary intent is again
to show that the release by the FCC of considerably more detailed data on and models
for the repacking constraints could allow (a) the assessment of how likely drawbacks are to
arise in the actual auction, via computational simulations; and (b) the development of new,
specialized approaches to repacking that may yield considerably better outcomes in terms of

the amount of spectrum cleared, and the expenditures to do so.

15.2 Computational Complexity in a Descending Clock Auction

The NPRM and MALS documents both describe a descending clock auction, which in its
simplest form gradually reduces the price offered to each broadcaster to clear their spec-
trum.?” Once a broadcaster declines the current clock offer and exits the auction, it must be

repacked. Since it is a weakly dominant strategy for each broadcaster to remain in the auc-

3TThroughout we shall simplify the discussion by assuming the only options available to broadcasters are
to clear their spectrum entirely, or to be repacked in their current band. The NPRM discusses a number of
other possible options as well, none of which would ease the computational challenges we are discussing.
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tion until its clock offer falls below its private valuation for remaining on-air, this auction can
be thought of as processing broadcasters in descending order of valuations (since this is the
order in which they will choose to exit the auction under their weakly dominant strategies),
and is thus mathematically equivalent to a setting in which the broadcaster valuations are
known and we use a “greedy” algorithm that attempts to repack higher-valuation bidders
first.

In this mechanism or algorithm, we must ensure the invariant that at each point, each
broadcaster currently remaining in the auction could be feasibly repacked, given the set of
broadcasters we have already committed to repack. Thus, upon adding a new broadcaster
b to the current feasible set R of repacked broadcasters, we must check that each remaining
broadcaster b’ could be added to R and still obey all repacking constraints. If not, then in the
language of the proposals, b’ must be frozen at its current clock price and paid this price to
clear its spectrum, since it can no longer be repacked. The version of the repacking problem
that is thus relevant to this mechanism is feasibility checking — we must determine whether
the given set RU{b'} can be feasibly repacked — and under weakly dominant strategies, the
broadcaster valuations determine the sequential construction of a set of & = n—t broadcasters
to repack, where t is the clearing target.

As noted, the major source of computational complexity in the clock auction is the
repeated feasibility checks to determine which bidders must be frozen as the repacking set
R is gradually expanded; this problem is computationally intractable in general. As per
the algorithmic approaches mentioned above, one approach is to solve each feasibility check
exactly — that is, employ an algorithm guaranteed to correctly answer each feasibility check,
and to produce an assignment of the repacked set R to the targeted number of contiguous
channels.

There are indeed a number of general-purpose algorithms for solving such problems,

including what are broadly known as satisfiability or constraint satisfaction problem algo-
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rithms.?® While many such algorithms yield fast computation times on various large-scale,
real-world problems and benchmarks, the question of how well they would perform in the
context of the actual reverse auction is an empirical one that can only be approached via
simulation and detailed knowledge of the repacking constraints.

The NPRM and MALS proposals seem to suggest the intention to use such a general-
purpose, exact algorithm for feasibility checking in the clock auction. An alternative ap-
proach would be to employ an algorithm for feasibility checking that is ensured to be com-
putationally efficient, but may find suboptimal or inexact solutions. We describe one simple
such algorithm here. Suppose that for the current repacking set R we have already found an
assignment of each broadcaster in R to one of the k contiguous channels 1,...,k, in a way
that violates no repacking constraint. Then to decide if broadcaster b is a feasible addition
to R, and to extend the assignment to channels, we can simply consider assigning b to the
first free (not already assigned) channel for which no neighbor of b in the repacking con-
straint network has already been assigned to an adjacent channel. If no such channel exists,
we declare that b cannot be repacked given the current R and assignment. The difference
between this algorithm and an exact feasibility check is that once a repacked broadcaster is
assigned to a channel, the algorithm never considers changing that assignment in order to
accommodate later repackings. For this reason we shall refer to this as the myopic feasibility
checking algorithm, since it makes short-term repacking decisions without regard for later
or global consequences.

While it is not difficult to find xamples where this myopic procedure produces suboptimal

3¥http://en.wikipedia.org/wiki/Constraint_satisfaction_problem
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results, in the sense of being forced to clear more than the desired number of broadcasters,*? it
is an empirical question whether this heuristic, or some other one, would badly underperform
in the actual auction. With enough knowledge about the repacking constraints, it is possible
that a feasibility checking procedure balancing performance with computational efficiency

could be designed.

Repacking Inefficiency in the Descending Clock Auction

In addition to the computational challenges and trade-offs discussed so far, the descending
clock auction format may limit the ability to reach near-optimal solutions as measured
by repacking efficiency (that is, the sum of valuations of the repacked bidders), because
repacking decisions are made sequentially. In its simplest form the FCC would process the
broadcasters “greedily” by descending valuation in a completely myopic fashion, without
regard to the constraints on later repacking such greedy decisions might impose. A simple

example can illustrate the issue.

Example 10. Suppose there are 5 broadcasters A, B,C, D, E, currently broadcasting on
channels 2, 4, 6, 8 and 10 (thus there are no current interferences at all, since no pair is on
adjacent channels), and that the target is to clear three of them and to repack the other two
onto channels 1 and 2, thus freeing up channels 3 through 10 for wireless spectrum. Suppose
that the geographical proximities of the broadcasters transmissions are such that the following
pairs of broadcasters cannot be repacked together: AB, AC, and AD. We can think of A as a

high-power, wide-area broadcaster who would have interference with the nearby broadcasters

3For example, let there be five broadcasters A, B,C, D, E to be considered in turn for repacking on 5
channels, and assume that the geographical proximities are such that the following pairs of broadcasters
cannot be repacked together: AB, AC, BC, BD. We first add A to R, assigning it to channel 1. When we
next consider B, we must repack it on channel 3, since the constraint AB prevents assignment to channel
2. Broadcaster C' is assigned to channel 5 due to the constraints AC and BC. At this point, D cannot be
added to this assignment: only channels 2 and 4 are free, and B is adjacent to both, and BD is a constraint.
E can be placed on channel 2, giving a final ordered assignment of AEB x C, where * denotes an unused
channel, and we have failed to repack all broadcasters. However, it is easily verified that there is a way to
repack all five: the assignment ADCE B violates no constraints.
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B,C and D; whereas E is sufficiently distant (or low power) that it can be repacked with any

of the others.

Table 3: Bidder Values from Repacking

Broadcasters A | B|C|DJE
Values of being on air | 100 | 99 | 99 | 1 | 1

Suppose the bidders’ values for remaining on air are as shown in Table 3.*° Given the
repacking constraints, the clock auction proceeds as follows. Suppose the price clock is initially
set at 100 and descends gradually. Again, it is a weakly dominant strategy for each bidder to
drop out when the clock price reaches their valuation. At the initial price of 100, A is first
to drop out, so is added to the repacking set R. But once A is added to R, broadcasters B,C
and D cannot be added to R due to repacking constraints. This leaves only E, which can
be added to R, so the price clock runs down until E drops out. Hence, we get R = {A, E},
W ={B,C,D}. If we evaluate the clock auction by the sum of the valuations of the repacked
broadcasters, in this example that sum is 100 + 1 = 101. However, there is a much better
solution: we could instead choose R = {B,C}, W = {A, D, E}, which yields a total repacked
valuation of 99+99 = 198, almost twice as much as for the clock auction. The problem in this
example is that while A has the highest valuation, it also represents the greatest constraints

on subsequent repacking.

Other simple examples (see for instance Example 11) also show that the actual expen-
ditures of the clock auction for clearing the desired amount of spectrum can be much more
than under other mechanisms such as VCG.

This is an extreme example intended to illustrate a point. We emphasize that the excess

40The great variation in valuations in this and subsequent examples is deliberate, and simply intended
to show the extent to which different mechanisms can yield very different outcomes, expenditures, etc. Of
course, it is worth noting that such variation in broadcaster valuations must be the primary source of any
such differences.
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expenditure of the clock auction presented in this example is not meant as a critique of the
mechanism, but simply to illustrate the potential for suboptimal results, and the way in

which it may depend on repacking constraint details.

Hybrid Algorithms, Discounting, and Variable Clock Rates

Of course, there are other algorithms for feasibility checking that could give different tradeoffs
than an exact or optimal algorithm which may take exponential time, or a suboptimal or
approximate algorithm guaranteed to run efficiently. In particular, it is quite common in
such situations to consider various hybrid algorithms. For example, we could implement
some form of lookahead in creating the channel assignment which tried to determine whether
repacking a broadcaster will cause severe constraints on further repackings within the next
few steps.*!

The NPRM suggests the possibility of modifying broadcaster bids to exit their spectrum
through the use of weights or scores that would combine the actual bids with a variety of other
factors, including the potential difficulties posed by repacking a broadcaster. In particular,
one proposal is to score or reweight the bids of broadcasters whose repacking could greatly
constrain further repacking, thus making the optimization problem more difficult. Scores
would be used for determining the greedy order in which broadcasters are considered for
repacking, while the original (unscored) bids would still be used to determine prices for
clearing.

Similarly, in the context of a descending clock auction, the analogous idea would be to

have the clock prices of “difficult to repack” broadcasters descend more slowly, thus making

4'Various types of lookahead are quite common, as one example, in chess-playing computer programs,
where rather than simulate all possible future trajectories of play after a contemplated move (which would
be computationally infeasible), one simulates just the next few possible moves, and chooses moves based
on the “quality” of these intermediate states. The idea is to balance near-term reward with longer-term
consequences — in the same way we may want to defer repacking a high-valuation broadcaster now because
of the future constraints that would impose, we may want to sacrifice capturing a pawn on this move if it
could put us in danger of checkmate several moves from now.
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them less likely to exit the auction early and thus constrain the repacking process. While
the specific goals of introducing such schemes are not discussed at length in the NPRM,
presumably one hope is that such scored or modified bids might elicit more computationally
and economically efficient behavior from the repacking algorithms.

Another simple example demonstrates the difficulty of designing such scoring or variable
clock rate schemes in a way that would have the intended effects, and that actually circuamvent
the algorithmic problems we have already highlighted. The example also shows a case where

the expenditures for clearing are much higher for the clock auction than for VCG.

Example 11. Let there be the seven broadcasters A, B,C, D, E, F, G whose valuations are

as shown in Table /.

Table 4: Bidder Valuations

Broadcasters A|B|C|D|E|F| G
Values of being on air | 100 {99 | 3 | 1 | 1 | 1| 1

Suppose we wish to clear 5 broadcasters and repack 2. Let the pairs of broadcasters who
cannot be repacked on the same or adjacent channels be AB, AC, BD,CE. Then similar
to an earlier example, this is a case where the greedy (or clock auction) approach will find
a suboptimal solution: First A drops out at price 100. Then B and C can no longer be
repacked, so their clock prices are frozen at 100. We then repack D and clear E, F and
G at their valuations. The total expenditure is thus 100 + 100 +14+ 1+ 1 = 203. But a
better feasible solution is to repack B,C, and clear A, D, E,F,G, and the associated total

expenditure (under VCG) is: 101 +2 + 2+ 2+ 2 = 109.

In order for some scoring scheme to avoid this excess expenditure when a greedy algorithm
or clock auction is applied, it would need to make the scored price (or clock rate) of A less (or

slower) than that of B and (', since it is the first step of choosing A that dooms greedy in this
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example. But on what principle would such a scoring or varying rate be based? Notice that
all of A, B and C' occur in exactly two constraints each, so a simple “constraint counting”
scheme will not suffice. Furthermore, this example can be easily modified to actually have B
and C have many more constraints than A, and yet still elicit the same suboptimal behavior
from the greedy or clock approach. It thus seems quite difficult to imagine a simple scheme
of this type that eradicates the drawbacks of this approach. The basic problem is that the
mere number of constraints a broadcaster appears in, or even information about the more
detailed structure and interaction of these constraints, may not help in designing scoring
schemes, since one cannot know in advance which constraints will actually matter in (that
is, affect the choices of) the greedy repacking process. In this example, the constraints BD

and C'E were irrelevant once B and C had to be cleared.

15.3 Computational Complexity in Sealed-Bid Auctions

In addition to the descending clock mechanism, the NPRM raises the possibility of some
form of sealed-bid reverse auction. In a sealed-bid mechanism, broadcasters are asked to
each submit once a price or bid offered for going off-air and clearing their currently used
spectrum. Let B = {1,...,n} denote the set of n broadcasters or bidders, and for simplicity
let us suppose that there is only a single option on which to bid — vacating broadcast
spectrum entirely, or not at all. Let V' = {vy,...,v,} denote the private valuations the
broadcasters assign to remaining on air — that is, the lowest payments they would accept
in order to go off-air. Depending on the mechanism, the broadcasters may bid differently
than their valuations — for instance, in a pay-as-bid mechanism, there will be an incentive
to bid higher than one’s valuation, whereas in VCG it is a weakly dominant strategy to bid
one’s valuation. Thus we also introduce prices or bids P = {pi,...,p,} submitted by the
broadcasters.

In the same way that the descending clock auction encounters the feasibility checking
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variant of the repacking problem, sealed-bid approaches entail a distinct but related com-
putational problem. More precisely, for a targeted number ¢ < n of channels to be cleared,
we now have an easily stated optimization problem with a well-defined objective function:
find that subset W of t “winning” broadcasters to be cleared such that the total expenditure
E(W) = %",y pi is minimized, subject to the constraint that the remaining n — ¢ broadcast-
ers in the set R = B — W can be repacked together. Again, it is this complex combinatorial
constraint that makes the computation of the optimal W intractable in general. Note that
in the special case of a VCG auction, broadcasters bid their private values as a weakly domi-
nant strategy, so the expenditure £(WW) coincides with the value function V(W) =", vi,
whose minimization corresponds to maximizing the sum of valuations in R.

The NPRM outlines two classes of algorithmic approaches to this problem: global algo-
rithms that are generally guaranteed to find an optimal (cost-minimizing) or approximately
optimal solution, but that may require inordinate computation time to do so; and what the
NPRM refers to as sequential (but which could instead be termed local or greedy) approaches
whose solution may be far from optimal, but whose computation time is more modest.

The NPRM further suggests that the repacking constraints are such that the optimization
problem falls into the well-known class of Integer Linear Programming (ILP) programs —
that is, a linear objective function optimization (in our case, the expenditure function £(W))
subject to linear constraints over both continuous and discrete variables. The discreteness
arises from presumably multiple sources, including but not limited to the fact that broad-
casters must either vacate or not, as opposed to vacating “fractionally,” and certain pairs

or sets of broadcasters being either mutually exclusive for repacking purposes, or entirely
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compatible, but not “partially repackable.”*?

The NPRM discusses®® taking standard algorithmic approaches to the ILP problem.
There exist a wide variety of both open-source and commercial software packages for encoding
and solving (integer) linear programming problems.** In the case of large scale ILP, none
of these packages can guarantee rapid convergence (computation time scales polynomially
with the number of variables and constraints) to an optimal or even approximately optimal
solution. Since presumably the number of constraints defining the feasibility function F¢
is almost certainly in the thousands (possibly even tens or hundreds of thousands), we
cannot claim that we have a “small” instance of ILP and argue that brute-force search for
the optimal solution would succeed in a reasonable amount of time. The NPRM suggests,
without providing any supporting evidence or detail, that existing ILP packages might suffice
for finding good approximately optimal solutions. This conjecture is an empirical one that
cannot be evaluated without simulation studies using specific ILP packages and specific
ILPs based on the actual repacking constraints (or at least constraints broadly similar in

their number, size and structure).

15.4 Empirical Evaluations of Reverse Auction Mechanisms

The discussion and examples above emphasize the problems of computational and expendi-
ture inefficiency that could arise under the reverse auction designs in the NPRM and MALS

proposals. But these examples were obviously based on hypothetical repacking constraints

“2For example, suppose for each broadcaster i and channel ¢, we introduce a binary variable z; . that
assumes value 1 if and only if 7 is relocated to ¢ under repacking, and is 0 otherwise. Then if broadcasters ¢
and j are connected to each other in the repacking constraint graph, in an ILP approach we could introduce,
for all channels c, the linear constraints x; . + . < 1, Tjc + Tjeq1 < 1, and 25 + -1 < 1. These
constraints, along with the restriction that the variables ;. are integer-valued (more precisely, binary),
encode the fact that 4 and j cannot be assigned the same or adjacent channels. (To satisfy each inequality,
only one of its two variables may assume value 1.) In this way we can simply represent the repacking
constraint network as an ILP.

43NPRM, para. 45

44 Gee e.g. http://en.wikipedia.org/wiki/Linear_programming

89



of the type suggested in the NPRM, and were designed to exhibit worst-case behaviors of
various kinds (though they were simple and did not require complex or unrealistic construc-
tions). The extent to which such difficulties would be encountered in the actual auction
depends on a variety of unknown factors, including the detailed structure of the repacking
constraints and the likely valuations and bidding behavior of broadcasters.

While eliciting or accurately estimating broadcaster valuations and behavior may be
infeasible, doing so for the repacking constraints is not, and would alone permit a variety of
activities that could shed significant light on the likely outcomes and potential problems with
the various reverse auction designs. Even in the absence of full specification of all repacking
constraints, crude approximations — such as identification of which pairs of broadcasters are
likely to create interference if repacked on the same or adjacent channels (the aforementioned
repacking constraint network) — would allow much better assessment of the proposed auction
designs than is currently possible.

The two main activities that would be permitted by having model repacking constraints
are simulation studies and the design of specialized algorithms and mechanisms. We discuss

each in turn.

Simulation Studies

With model repacking constraints, one could extensively simulate the main proposals for
the reverse auction — the descending clock auction and its variants employing algorithms
for repacking feasibility checking, and sealed-price mechanisms combined with global opti-
mization using Integer Linear Programming for winner determination. Of course, in both
cases one would have to also have a model for broadcaster valuations and bidding behav-
ior, but one could run simulations over a wide variety of assumptions on broadcasters. For
example, the simplest model for bidder behavior in the descending clock auction (and the

one that in fact motivates that design) is staying in the auction until the clock drops below
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the broadcaster’s valuation. Armed with models for repacking constraints and valuations,
we could thus run large-scale simulations that answered some of the key questions we have

raised here:

e For a greedy or descending clock approach, how difficult is the exact feasibility checking
problem? How effective are heuristic repacking solutions, such as the myopic feasibility
algorithm discussed above? And for these and other variants, how suboptimal are the

solutions found in terms of expenditures and amount of spectrum cleared?

e For the sealed-bid/ILP approach, is the computation of winning bids subject to repack-
ing likely to be impractically difficult and slow? If so, is the ILP approach able to at
least find acceptable approximately optimal solutions quickly? How much worse are

these approximations than the global optimal solution?

To illustrate the kinds of simulation studies that could be performed, the questions they
could help investigate, and the benefits of more detailed repacking constraint information,
we have implemented a very preliminary simulation framework that allows us to compare
various quantities (such as clearing expenditures, computation time, and many others) for
the main reverse auction mechanism proposals (as well as potential future variants thereof),
and for mechanisms that provide useful economic benchmarks. For example, our framework
(which is currently implemented in a mixture of Matlab code and open-source optimization

algorithm software) permits the simulation of the following mechanisms:

e The descending clock auction, using either an ILP or constraint satisfaction solver for
feasibility checking, under the assumption that broadcasters remain in the auction until

their offer falls to their valuation for remaining on-air.

e The descending clock auction, but with the exact solution for feasibility checking re-
placed by the aforementioned and much faster myopic construction of the repacked set

and assignment to channels.
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e The sealed-bid VCG mechanism, again under truthful bidding, using an ILP solver for

the selection of the expenditure-minimizing set of broadcasters to clear.

e A sealed-bid pay-as-bid (first price) reverse mechanism, evaluated under full-information
Nash equilibrium bidding, and again employing ILP for the selection of broadcasters

to clear.

Essentially any other variant or proposed mechanism could be incorporated into our sim-
ulation framework. Our framework also permits the specification of essentially any set of
pairwise repacking constraints and broadcaster valuations. For instance, this allows us to
simulate varying numbers of broadcasters, with varying density or number of repacking con-
straints; varying distributions (parametric forms, variances and means, etc) of broadcaster
valuations, etc.

In Appendix D, we provide some very preliminary sample simulation results, which high-
light the ways in which different reverse auction mechanisms are influenced by repacking
constraints and broadcaster valuations, and the fact that which mechanism is “best” (in
several senses) depends strongly on these constraints and valuations, thus emphasizing the
need for real data. We expect the scale and sophistication of our simulations to improve

with such data and the development of our framework.

Design of Specialized Algorithms

The second activity enabled by model repacking constraints would be the design of special-
ized mechanisms and algorithms that exploit the special structure of these constraints. The
majority of algorithmic work in computer science is devoted to finding good algorithms for
special cases of problems that are intractable in the general case. A classic example of this
is the Traveling Salesman Problem (TSP), which is NP-hard without any assumptions on

the network of “cities” and “distances” between them, but for which there is a very efficient
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algorithm yielding very good approximations to the optimal solution if the network corre-
sponds to a physical, 2-dimensional map. TSP is more generally an excellent example of a
hard problem on which tremendous practical progress has been made through a combination
of simulation studies and designs for special cases.*’

Armed with model repacking constraints, one could similarly investigate whether a spe-
cialized algorithm for cost-minimizing winner selection in a sealed-bid auction could be con-
siderably faster than with a generic ILP approach. The same could be done for the pre-
viously discussed problem of feasibility checking in the descending clock auction. Fast and

(near-)optimal algorithms for these problems could materially change the assessment of the

corresponding mechanism proposals.

15.5 Specific Requests for Repacking Constraint Data

In light of the discussion, examples, and simulations above, it is clear that repacking complex-
ity is a central concern in any reverse auction mechanism, and that the details of the actual
repacking constraints and broadcaster valuations will significantly impact the potential com-
putational complexity, costs for clearing, and other properties of the reverse auction. We
therefore now discuss various types of information that could greatly aid the study of reverse
auction proposals, and lead to the development of better repacking algorithms specialized to
the actual constraints.

An ideal along these lines would be a complete mathematical description of all the
known repacking constraints, for all broadcasters across the nation, specified in some formal,
machine-readable language or notation (e.g. a network of pairwise incompatibilities for ad-
jacent channels, an integer linear program or constraint satisfaction program, etc.) Related,
but slightly more general (and thus less informative about the actual specific constraints)

would be a program or parametric model that permits the generation of such complete

45Gee e.g. http://en.wikipedia.org/wiki/Travelling_salesman_problem
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descriptions under varying assumptions (e.g. power and interference assumptions, service
contours, acceptable degradations of service, etc.)

It would also be extremely valuable to have a simple network or networks giving pair-
wise repacking constraints over broadcasters (i.e. the repacking constraint network), or
again, parametric mathematical models for the repacking constraint network under varying
assumptions. Related data of value would be geographical (latitude and longitude coordi-
nates) for the transmission location(s) of every broadcaster eligible for participation in the

reverse auction.
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Part IV

Closing Rules

16 The NPRM and MALS Proposals

An important component of the grand auction design is the integration of the forward and
reverse auction. This is where “supply” and “demand” meet to determine how much spec-
trum will be allocated to TV stations, and how much to wireless carriers. Of course, there
are important differences from the classic supply and demand setting. One is that prices
paid by forward auction buyers must cover not only payments to reverse auction sellers, but
costs of repacking and of the auction itself. Another is that the forward and reverse auction

prices do not reflect the valuations of bidders on the margin.

Example 12. Suppose there are two bidders on each side of the market. One of the forward
auction bidders (“buyer H”) has valuation 100 and the other (“buyer L”) has valuation 50.
Likewise, one of the reverse auction bidders (“seller H”) has valuation 100, and the other
(“seller L”) has valuation 50. Suppose the target is to clear one license and that there are no
repacking constraints. The reverse auction will end at a price of 100, the second lowest seller
valuation. Seller L will be provisionally assigned to sell his license. The forward auction
will end at a price of 50, with bidder H the provisional winner. Clearly the net revenue
requirement fails: the provisional forward auction revenue is only half the reverse auction
cost. This is not because the transfer of spectrum from seller L to buyer H is inefficient;
indeed, this trade would double the surplus created by the spectrum. The problem is that
instead of comparing buyer H’s willingness to pay with seller L’s valuation, the auction rules
compare buyer L’s willingness to pay to seller H’s valuation. This comparison has nothing

to do with whether trade should occur.
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The fundamental problem is the separation of the forward and reverse auction markets.
Although the purpose of the incentive auctions is to allocate scarce spectrum competitively,
a clock auction in the forward market induces competition only between mobile wireless
carriers; these bidders compete to be among the provisional winners, but do not compete
with television stations for final ownership of spectrum. Likewise, a reverse clock auction
creates competition only between current broadcast television licensees. Reverse auction
bidders compete to be provisional sellers, but the two sides never compete directly with each
other to resolve the question of how much spectrum should be transferred from potential
sellers to potential buyers. The result is that both the forward and reverse auction will
tend to stop too soon, i.e., at prices that are unnecessarily low in the forward auction and
unnecessarily high in the reverse auction. Uncorrected, this could undermine efficiency, just
as in the example above.

This limitation is recognized by MALS and underlies their proposal that when net revenue
falls short the forward auction clock prices would continue rising until either the revenue
condition is satisfied or demand falls short of the current target. This can be interpreted as
a one-sided closing trial for the grand auction at the current target. It allows forward auction
bidders to express their willingness to pay prices above the provisional forward auction prices

if necessary to achieve satisfaction of closing conditions at the clearing target.

17 Primary Concerns with the One-Sided Closing Trial

The one-sided closing trial contingency still leaves more room for inefficiency than necessary.
This is easily seen in Example 12. A price anywhere strictly between 50 and 100 would
result in trade. However, no trade will occur even with the closing trial because buyer H
will not be willing to beat the provisional reverse auction price of 100. The problem is that

while a one-sided closing trial allows forward auction bidders to express their willingness to
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offer better prices when necessary to ensure that they are allocated the licenses they seek,
there is no such provision for the supply side. Reverse auction bidders lack the opportunity
to improve their price offers in the event that closing conditions fail. Thus, even if there
are reverse auction bidders who would like to offer prices substantially below those obtained
in the reverse auction (recall that these are the maximum prices that clear exactly the
target), those bidders will have no opportunity to express this. Put differently, with a
one-sided closing trial there is still a barrier to full buyer-seller competition for ownership of
the marginal units of spectrum. The result will be unnecessary inefficiency. Some trades that
buyers and sellers would all prefer will not take place, not due to the inherent constraints of

incentive compatibility, but due to the auction design.

18 Two-Sided Closing Trial

One possible solution to the limitations of a one-sided closing trial seems clear: allow both

sides of the market to participate in the closing trial when this phase is required.

18.1 Baseline Proposal

In the baseline proposal, no change to the main forward or reverse auction is needed. How-
ever, if the forward auction reaches a point where excess demand is zero but the net revenue
condition fails, all parties would be told that the clearing conditions have failed. Prices would
then be raised in the forward auction while lowered in the reverse auction. For example,
in a sequence of rounds, prices in the forward market could rise by a percentage p while
those in the reverse auction fall at the same rate. Intra-round bids could be used to avoid
overshooting.  Bidders on each side would express demand/supply at the clock prices, just
as in the original forward and reverse auctions.

Let pp and pg denote vectors of clock prices in the forward and reverse auctions, respec-
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tively. Let D (pp) denote the vector of total quantities (e.g., MHz) demanded of each object
at the forward market prices, with S (ps) denoting the vector of total quantities offered for
supply at the reverse auction prices. Let @Q; denote the current target clearing quantities.*

At the beginning of the closing trial we have

D (pp) = S (ps) = Q.

The two-sided closing trial would end as soon as either

(a) the revenue requirement is satisfied, or

(b) min{D (pp), S (ps)} < aQ, for some a € (0, 1].

Condition (b) corresponds to the case in which the closing trial fails. Here < represents
the component-wise strict partial order. Thus, if D™ (pp), S™ (ps) and Q" are the compo-

nents of D (pp), Qs (ps) and @, corresponding to market m , the condition

min {D (pp), Qs (ps)} < aQy

holds iff both

min {D™ (pp) , 5™ (ps)} < aQf" Vm

and

min {D™ (pp),S™ (ps)} < aQy* Im.

Thus, if @ = 1, part (b) stops the auction as soon as one bidder (from either side of the

Qi1
Qt ?

market) exits the closing trial. Smaller values of « (for example, o = if clearing targets
are uniform across markets) would allow a degree of incomplete clearing of the current target

(); before triggering a nationwide adjustment to the target to ();,1. Variations on this rule

46Recall that we denote the sequence of clearing targets, beginning with the first, as Q1, Qo, ... .
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are possible. For example, one might set the trigger threshold in condition (b) based on
nationwide or regional clearance levels rather than by the “worst” market.

If the closing trial ends with condition (a) above, the closing trial succeeds. The grand
auction would then terminate. If condition (b) terminates the closing trial, the attempt to
clear the target ); would fail, the target would be reduced to );,1, and the forward and
reverse auctions would continue from this point as envisioned in the original MALS proposal.

As long as the clocks in auction t+ 1 are started from the final prices in the auction ¢ clos-
ing trial (i.e., strict continuation from the closing trial), incentives for reverse auction bidders
are identical to those in the original reverse auction design. The proposed modification does
not appear to change incentives in the forward auction either.

The following example illustrates the two-sided closing trial.

Example 13. Consider a one-market example in which the FCC is attempting to clear
90MHz of spectrum (fifteen channels) in the reverse auction and sell SOMHz of this spectrum
in the forward auction in the form of eight 10MHz (5+5) paired licenses (the remaining 10
MHz is reserved for guard bands or other uses). Suppose that the reverse auction stops at
a price of 75, whereas each of the 15 stations electing to go off the air at this price values
its license at only 50. In the forward auction, prices stop at 100 per license, although the
9 provisional winners each place a value of 130 on a license. Comparing the provisional
forward auction revenue of 800 to the provisional clearing cost of 1125, we have a shortfall.
Furthermore, a one-sided closing trial is certain to fail: the mazimum willingness to pay
among the 8 provisional winners in the forward auction is 1040 (i.e., 8x130). Thus, with
the MALS auction design, this target will fail and the target quantity will shrink. A two-
sided closing trial could avoid this inefficient outcome. Suppose that in the closing trial,
prices rise in the forward auction and fall in the reverse auction at equal speeds, adjusting by
1 unit per round. After 15 such rounds, the forward auction revenue (8 x 115 = 920) would

(more than) cover the reverse auction cost (15 x 60 = 900). Thus the closing conditions
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can be satisfied. Note that all bidders should be happy to accept these prices in the closing
trial: exiting the closing trial implies moving to a lower target, where the reverse auction
price will fall to 50 and the forward auction price will rise to 130. Thus, there will be many

information structures in which bidders will voluntarily participate in the closing trial.

18.2 Closing Trial with Proxy Bidding

Including reverse auction bidders in the closing trial would require them to be called back to
the auction when the original MALS proposal would not have required this. This would be
required only when net revenue falls short and would be required under the MALS proposal
as well unless the one-sided closing trial succeeded. Nonetheless, under the proposal for
a single-pass reverse auction (see section 14), this could be avoided altogether, potentially
simplifying the closing trial contingency. With the single-pass reverse auction, each bidder
will have indicated his willingness to relinquish his license across the full range of prices
consistent with the possible clearing targets. This means that the FCC could serve as a
proxy bidder for TV stations in a closing trial, keeping a bidder in the auction as long as
necessary if the price remains above the minimum price acceptable to the bidder.

We emphasize that taking advantage of this does not require that the single-pass auction
itself be conducted with proxy bidding.

As long as reverse auction bidders trust the proxy system, this would not alter reverse
auction bidders’ incentives in the single-pass reverse auction. And up to the inherent
ambiguities created by the repacking optimizer, it would be possible for bidders to verify the
actions of the proxy agent ex post.

The next section will demonstrate an additional advantage of the single-pass reverse

auction in promoting efficiency in the closing trial.
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18.3 Avoiding Overshooting

A remaining source of inefficiency in the closing trial arises from potential miscoordination
of price clocks. For example, consider a market in which one license is to be cleared.
Normalize the net revenue requirement to zero. Suppose the provisional prices and valuations

of provisional winners are as follows:

Forward Reverse

provisional price 6 9

valuation of provisional winner 10 8

In the closing trial, if the forward and reverse auction clocks move at equal absolute
speeds, the closing trial will fail when the forward auction clock reaches a price of 7and the
reverse auction reaches a price of 8. This causes the target to fail even though there are
substantial gains to trade remaining. Here, in fact, two-sidedness of the closing trial harms
the outcome: a one-sided closing trial would have cleared the target at a price of 9.

Ideally, the clocks would by synchronized in a way that reflected the relative gaps be-
tween prices and valuations. In the example above, if the forward price moved at a speed
proportional to (10 — 6) while the reverse clock moved at a speed proportional to (9 — 8),
the closing trial would end successfully with forward and reverse prices equated at 8.4. Even
imperfect coordination can improve outcomes. For example, if the forward clock moves at
twice the reverse clock speed, the auction again ends successfully, this time at prices equated
at 8. Unfortunately, whether it is better to speed up or slow down one clock relative to
another depends on bidders’ (unknown) valuations.

Note, however, that the key to efficiency is not actually that the relative clocks speeds
be coordinated perfectly, but that the clock does not overshoot valuations on one side before
allowing bidders on the opposite side to express their full willingness to adjust the provisional

prices. With the single-pass reverse auction, substantial progress toward this goal can be
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achieved using variable clock speeds, exploiting the fact the supply at any possible price
vector is already known. As a simple example, forward and reverse auction clocks could
be adjusted at identical speeds in the closing trial as long as this does not cause the closing

conditions to fail due to a drop in supply, i.e., as long as at the new prices pg

Qs (PS) > )y

When the proposed change in the clock prices would violate this condition, the reverse
auction clocks would stop, and only the forward auction clocks would continue. Variations
on this example could achieve the same goal. The key is that, with a single-pass reverse
auction, overshooting on the supply side can be avoided.

This modification does not prevent overshooting in the forward auction during the closing
trial.  Of course, the risk of such overshooting is only worse in a one-sided closing trial.
Further, by beginning the two-sided closing trial with the forward auction clock moving more
slowly than the reverse auction clock (the latter controlled to avoid overshooting as described
above), one could minimize the chance of any overshooting.

One possible concern with our proposed strategy for avoiding overshooting is that it
creates incentives for reverse auction bidders to manipulate their bids, exiting at prices a bit
above their reservation values. However, because there will be many reverse auction bidders,
the expected gain to a single bidder from such behavior may be small relative to the cost of

forgoing profitable selling opportunities.
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Appendices

A Clock Package Auction Simulations

The goal of these simulations is to explore the potential performance of the CPA relative
to the simple clock auction proposed by MALS. The simulations are not intended to be
“realistic” in all aspects. For example, we consider a small number of EAs and do not
attempt to create valuations that are realistic in terms of dollar values. Rather, our goal is
to illustrate relative performance of the CPA design in a variety of settings aimed at capturing
the essential qualitative features likely to be present in the forward auction. The code is

written in Matlab and is sufficiently flexible to allow a wide range of further modifications.

A.1 Simulation Design
Licenses and Objects

We specify a three-tier hierarchical structure in which the objects for sale are EA objects,
regional objects, and national objects. The scale of the hierarchical structure is controlled
by a parameter m. There are 4m? EAs and 2m disjoint regions. For our baseline specification

we set m = 1, yielding the structure illustrated below
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The feasible supply of each object is controlled by a parameter k. In our baseline
specification we model the case of partially unequal spectrum clearing across EAs. For
three quarters of the EAs, we set the feasible supply equal to k; for the remaining quarter,
we set the feasible supply to £ — 1. For package objects j, q]f = Milgey, q,’: (recall that X;

represents the children of object j). We set k = 4 in the baseline specification.

Bidders

We model three types of bidders: national bidders, regional bidders, and local bidders.
National bidders value all objects and obtain additional value (complementarities) when they
can obtain a regional license or nationwide license with a guarantee of horizontal contiguity.
Each regional bidder is associated with a single region. A regional bidder values the EA
licenses in “his” region, and obtains complementarity when he can obtain the regional license
with its guarantee of horizontal contiguity. Each local bidder is associated with a single EA
and desires one only a license for that EA.

For our baseline specification we have 4 nationwide bidders. We start with 3 regional
bidders for each regional license and 2 local bidders for each EA license. ~However, we
use randomization to reduce the numbers of regional and local bidders in each replication,

creating variation in the level of competition. This is explained below.

Valuations

Valuations are generated randomly for each replication. The valuations of bidder i are
characterized by a vector V; = (Vj1,...,V;;) with one component for each object. We

construct the components of each bidder’s valuation as
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where VJ is either zero or one (indicating which objects bidder ¢ may place positive value
on) and f/l-j is a random variable reflecting the valuation itself.

For a nationwide bidder i, we set V;;“ = 1 for all objects j. For a regional bidder i, V;j =0
for all j with probability a;. With probability (1 — ay), Vi = 1 for j corresponding to his
regional package and the EAs contained in that package. The randomization has the effect
of creating variation across simulations in the number of regional bidders, since assigning a
bidder to have no positive valuations is equivalent to eliminating this bidder. Similarly, for a
local bidder 1, VJ = 0 for all j with probability as. With probability (1 — as), VJ =1 for
the EA j with which i is associated. All other V7" are zero. In our baseline simulations we
set a«; = 1/3 and ay = 1/2.  This leads to an average of 1 local bidder for each EA license,
and an average of 2 regional bidders for each regional package.

For EA objects j, we let

- 0 W.p. Q3

u[0,1] w.p. 1 —ag

for each bidder 7 (equivalently, for each i such that V;; = 1), where u[0, 1] indicates a random
draw from a standard uniform distribution. The parameter as is used to create random
variation in the number of local bidders, but also introduced additional heterogeneity in
package bidders’ valuations. These valuations for EA licenses are the building blocks of all
valuations. We set a3 = 0.1 in the baseline simulations.

For regional objects j, we let

‘7ij2<1+51>2‘7ik

where [3; is a random parameter determining the degree of complementarity. For our baseline
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specification we let 5, =ul0, 1/2]. Similarly, for the nationwide object, we specify

f/ij = (14 0,) va
kEx;
where (3, is a random parameter. For our baseline specification we let 5, =ul0, 1].

Observe that the vectors V; have length equal to the number of objects. From V; we
construct valuations for all possible subsets of objects ¢ might purchase. For simplicity, we
allow bidders to value at most one unit of each object and at most one unit of each EA,
whether purchased alone or in a package. To obtain valuations for bundles, when these
bundles are not themselves objects, we assume additive valuations. Thus, for example, a
national bidder ¢ who purchases a regional license j and an EA license k, where k ¢ j, has
valuation for this bundle equal to V;; + V;;. Similarly, a regional bidder who obtains two EA
licenses 7 and k without the guarantee of horizontal contiguity provided by the package is
assumed to value the component EA licenses with no complementarity, so that his valuation
is Vi; + Vi for the pair. We let V: denote the resulting extended vector of valuations, which
now includes valuations for all objects and for all bundles of objects consistent with the
restrictions above.

Note that the costs of the bundles which are not themselves objects in the package
auction can be constructed from clock prices in the same way as done for the valuations.
For example, if P = (P4, ..., P;) denotes the current clock prices associated with each object,
the cost of purchasing two objects j and k (for example, the regional license and excluded

EA license described above) is P;+ P,. We let P denote the resulting extended price vector.

Clock Package Auction

The auction begins at a reserve price r = 10~° for each EA object. Reserve prices for package

objects are additive in the reserve prices of the EAs they contain We use a negligible bid
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increment of 107%.
We run the CPA with straightforward bidding. At each new vector of prices, for each

bidder 7 we construct the vector

which is a list of profits the bidder would obtain from each possible choice of demand if the
current prices turned out to be the final prices. Bidder i expresses 1 unit of demand for the
profit-maximizing choice from this list. Once the straightforward demands of all bidders are
constructed, we calculate the excess demand for each object as described in the text. Clock
prices then adjust on objects with excess demand until we reach prices at which there is no

excess demand for any object.

MALS Clock Auction

Using the same valuations, we also run the clock auction without packages. The setup
is the same, but there are no package objects for sale. Because straightforward bidding in
the MALS auction involves significant exposure risk to bidders who have complementary

" we assume conservative straightforward bidding. For purposes of generating

valuations,*
bids, this is equivalent to setting the complementarity parameters (4, and f,) to zero and
having bidders follow straightforward bidding strategies. Thus, given this modification of
valuations (and the elimination of package objects in the auction), we generate bidders’
profit maximizing demands at each price vector exactly as described above. However, we do
not eliminate the complementarities when assessing the value bidders obtain from the final
allocation. Thus, if a bidder ends up with all components of a package, we assume he receives

a payoff reflecting his full complementarities. This gives a potentially significant “unfair”

advantage to the MALS clock auction, since it ignores the fact that complementarities may

4TFurther, in some cases—for example, with symmetric information in Example 1—it requires such bidders
to follow strategy that is certain to lead to a loss.

107



depend on frequency contiguity. Thus the performance gains we find for the CPA will tend

to be understated.

A.2 Results: Baseline Specification

We begin with the results under the baseline specification described above. Table 5 summa-

rizes the parameters of our baseline specification.

Table 5: Baseline Parameters

m = 1

k = 4

o = 0.33
Q9 = 0.5
(0% = 0.1
B4 = u0,0.5]
By = u[0,1]
increment = 10*
reservation price = 107°
n simulations = 1000
national bidders = 4
regional bidders = 6
local bidders = 8

Note that we use the same simulation draws for both the CPA and MALS auction. This
avoids introducing simulation error into comparisons and will allow us to make pointwise
(replication by replication) comparisons between the two types of auction.

We first examine the performance of the CPA and the MALS clock auction in terms of
revenue and efficiency. We measure efficiency by total surplus, i.e., the sum of winning
bidders’ valuations for the objects they win. This ignores the potential influence of revenues
on efficiency via the quantity of spectrum ultimately cleared. Because the CPA consistently
generates higher revenue in our simulations, this implies that our comparisons of efficiency

are (again) likely to understate the gains from the CPA. We also do not consider re-offering
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of unsold licenses when undersell occurs. As seen below, there is slightly more undersell in
the CPA, so allowing the re-offer of unsold licenses would only further strengthen the relative
performance of the CPA.

Figure 3 illustrates the revenue and surplus outcomes using kernel density estimates
applied to the realized revenue and surplus across all 1000 replications.*® The left panel
shows a significant rightward shift in the distribution of revenue when moving to the CPA,
indicating significant gains in revenues. There is a similar but smaller rightward shift in the

distribution of surplus.

Figure 3: Distribution of Revenue and Surplus
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Note: This figure shows kernel density fits to the realized revenue (left panel) and surplus (right panel)
across 1000 replications. Solid curves = CPA; dashed curves = MALS auction.

Table 6 shows key summary statistics for these outcomes. Here we report the mean,

standard deviation, median, 25th percentile, and 75th percentile of each outcome measure.

48Kernel density estimates can be thought of as smoothed histograms. Thus, they illustrate the relative
“frequencies” (more precisely, estimates of the relative “likelihoods”) of outcomes across the sample.
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On average the CPA produces 70 percent higher revenues than the MALS auction, and
surplus that is 17 percent larger. In both cases the standard deviation of outcomes is
somewhat higher under the CPA. However, much of this is can be accounted for by a change
in scale corresponding to better outcomes under the CPA. In particular, the coefficient of
variation for revenue is only slightly higher under the CPA than under the MALS design,

and the coefficient of variation for surplus is smaller under the CPA.

Table 6: Summary Statistics

Revenue Surplus % Units Sold | Surplus/Optimal

CPA MALS | CPA MALS | CPA MALS | CPA  MALS

Mean 8.2 4.8 136  11.6 |96.8% 99.7% |97.2%  84.3%
Std 2.5 1.6 3.0 1.9 51%  1.5% | 4.4% 11.1%
Median | 8.1 4.9 13.0 114 | 100% 100% | 100%  85.5%
q25 6.4 3.7 114 104 [93.3% 100% | 95.0%  76.5%
q75 9.9 5.9 154 12,6 | 100% 100% | 100%  94.2%

Note: This table reports summary statistics for the baseline simulations. The labels “q25” and “q75”
indicate the 25th and 75th (respectively) percentile values of each outcome measure.

Table 6 also shows the share of licenses sold. The CPA sometimes results in undersell,
typically a failure to sell one unit of one EA license. This undersell is occasionally due to
lack of demand for some EA object (recall that the number of regional and local bidders with
positive valuations is stochastic), but most often due to imperfect coordination of price clocks
(recall Example 9). Nonetheless, the degree of undersell is small, with 97 percent of licenses
selling on average, and 100 percent of license selling in more than half the replications.
Undersell occurs rarely in the MALS auction under conservative straightforward bidding.

Table 6 also reports the surplus achieved as a share of that in the efficient (i.e., first-best)

allocation. This comparison shows that the gains in efficiency simply could not be much
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greater than what is achieved by the CPA. The CPA significantly outperforms the MALS
auction, achieving 100 percent of the efficient surplus more than half the time, and 97 percent
on average. The MALS auction achieves full efficiency much less often and yields only 84.3
percent of the efficient surplus on average.

Figure 4 provides another way of looking at the same outcomes. Here we show his-
tograms of the differences in revenue, surplus, and share of the efficient surplus replication
by replication. We knew that there was no strict dominance relation between the two auction
designs. Further, even if the CPA outperforms the MALS auction with high probability,
there could in principle be replications in which the CPA does much worse. Figure 4 reveals
that this is not the case. Each panel summarizes the pointwise (replication by replication)
differences in performance. These difference can be interpreted as the gains from the CPA,
although the “gains” can be negative. The first panel shows that the CPA generates higher
revenues in virtually all (99.6 percent) of the replications. The magnitude of the gap is often
quite large. As shown in Table 7, the median percentage gain in revenue from the CPA is

67.1 percent, and the 75th percentile gain is more than 100 percent.
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Figure 4: Distribution of the Percent Difference
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Note: This figure shows the histogram of the pointwise (replication by replication) differences between
the CPA and MALS auction designs in terms of revenue, surplus, and share of first-best surplus achieved.
The second panel of Figure 4 shows that CPA also generates strictly greater efficiency

than the MALS auction in a large majority (85.9 percent) of the replications. Table 7 shows
that the median efficiency gain is 13.5 percent. In 11.7 percent of the replications the CPA

yields lower surplus, but on average the CPA yields a 17.5 percent gain.
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Table 7: Summary Statistics : Pointwise CPA Gains

Revenue Surplus

Mean 82.8%  17.5%
Std 70.0% 18.0%
Median | 67.1%  13.5%
q25 27%  3.2%
Q75 105.1%  28.0%

Note: This table summarizes the distribution of outcomes obtained across 1000 simulations. The
numbers represent the percent differences between the outcome in the CPA and that in the MALS
auction.

In the third panel of Figure 4 we normalize (divide) the surplus outcomes by the first-
best surplus, showing the distribution of differences in the share of the efficient surplus
achieved (i.e., share under CPA minus share under MALS). As already shown, there are
some replications in which the MALS auction is closer to full efficiency. However the gap
in these cases is typically small, and a preponderance of replications demonstrate significant
efficiency gains from the CPA design. As already shown in Table 6, these gains reach full
efficiency in more than half the replications.

Figure 5 illustrates the efficiency outcomes in yet another way, showing the empirical

9 Here we see

distribution of total surplus achieved normalized by the first-best surplus.*
the substantially stronger performance of the CPA. For example, the CPA achieves at least
90 percent efficiency in over 91 percent of the replications. The MALS auction achieves this

level of efficiency in only 37 percent of the replications.

49The empirical distribution plots the share of replications (on the vertical axis) in which the efficiency
achieved is lower than the level indicated by the horizontal axis. For example, at 100 percent efficiency
(horizontal axis equal to 1) the figure shows that fewer than 42 percent of the replications yielded less
than full efficiency. Put differently, the vertical segment of the CPA empirical distribution at 100 percent
efficiency indicates that more than 58 percent of replications achieved the first-best allocation.
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Figure 5: Empirical Distribution of Surplus Relative to the Optimal
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A.3 Sensitivity Analysis
Strength of Complementarities

We first consider the sensitivity of the simulation results to the strength of the complemen-
tarities, as determined by the distributions of the parameters 5, and 5,. We do this by
altering the supports of the uniform distributions. Specifically, we let £, ~ [0, Bl] and
By ~ ul0, Bz] and re-run the simulations using different combinations of values for the para-
meters 51 and 52. We let 31 vary between 0 and 1, while 52 varies between 0 and 1.5. At
cach pair of values (3, 3,) we run 500 simulations.™

We summarize our findings in Figure 6, where we show the mean and median gains in
revenue and surplus from the CPA at each combination of parameters. As we would expect,

larger values of the complementarities lead to larger gains from the CPA. However, the

qualitative findings remain consistent with those in our baseline specification.

50Results change very little with a larger number of draws.
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Figure 6: Sensitivity Analysis

Mean Revenue Gap Mean Surplus Gap

0.6 0.4

e
w

0.4

S/

Surplus Gap
o
N

0.2

Revenue Gap
o
—_

0.2

0.15

0.1

Revenue Gap

Note: These figures show the percent difference (CPA minus MALS) in revenue and surplus of the
mean and the median comparison over 500 simulations. For each set of simulations, 8, and 5, are drawn
randomly for each auction from uniform distributions with supports [0, 3;] and [0, 3,], respectively.
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Within-Auction Complementarity Heterogeneity

In our baseline specification the complementarity parameters 3, and 3, were drawn once for
each auction replication. Thus the same complementarity parameter applied to every regional
and national bidder. Because these parameters interact multiplicatively with valuations, this
implies different levels of complementarities for each bidder. Nonetheless, it may be more
reasonable to treat the complementarity parameters as themselves varying across bidders.
We have therefore re-run the baseline simulations drawing 3, and f, randomly for each
bidder in each simulated auction. We summarize the results in Tables 8 and 9. Comparing
the results to those in Tables 6 and 7, we see that the outcomes are nearly identical to those

in the baseline specification.

Table 8: Summary Statistics

Revenue Surplus % Units Sold | Surplus/Optimal

CPA MALS | CPA MALS | CPA MALS | CPA  MALS

Mean 8.1 4.9 13.7 116 |96.2% 99.7% | 97.0%  82.6%
Std 2.0 1.6 24 1.8 59%  1.6% | 4.8% 8.9%
Median | 8.1 4.8 135 11.5 | 100% 100% | 100%  82.7%
a25 6.8 3.8 12.1 105 ]93.3% 100% | 95.0%  76.3%

q75 9.5 6.0 15.3 12,5 | 100% 100% | 100%  89.2%

Note: This table summarizes outcomes obtained across 1000 simulations using random draws of 5, and [,
for each bidder.
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Table 9: Summary Statistics : Pointwise Comparison

Revenue Surplus

Mean 77.9%  18.9%
Std 55.0% 15.4%
Median | 66.2%  17.8%
q25 44.3%  T.4%
Q75 96.9%  29.1%

Note: This table summarizes the distribution of outcomes obtained across 1000 simulations using
random draws of 8, and (3, for each bidder. The numbers represent the percent differences between the
outcome in the CPA and that in the MALS auction.
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B Other Concerns with CCA Supplementary Bidding

We provide further details on the concerns associated with a combinatorial clock auction
(CCA) approach to supplementary bidding in Section 9.

First, bidders in the proxy phase may not have appropriate incentives for bidding for all
relevant packages, and clock bids that are used to impute for the missing package bids may
not accurately price the “social opportunity costs.” To illustrate, suppose there are four
units of a (homogeneous) license, and there are two bidders 1 and 2, each of whom values
his i-th unit at 5 — ¢, for ¢ = 1, 2, 3,4. Suppose the clock price rises in small increments each
round from zero. If bidders bid straightforwardly and truthfully, then the clock auction ends
with each bidder winning two units at the price of 2. All four units are sold, and this means
that under the suggested activity rule (e.g., Ausubel and Cramton (2011)) the allocation is
not changed, and more importantly, any profile of feasible strategies by the bidders forms an
equilibrium, meaning that each bidder is indifferent across all feasible package bids (see Levin
(2011) for instance). It is then conceivable that the bidders may not bid at all or only bid for
their winning packages. Suppose the bidders make no supplementary bids.”! In that case,
the “proxy agent” uses the clock bids to impute the bidder’s package bids, so the bids of 4, 6
and 4 will be entered as bids for packages of 4, 3 and 2 units, respectively.”? Notice that these
package bids understate the bidder’s true values, which are 10(=4+3+4+2+1),9(=4+3+2)
and 7(= 4+3), for 4, 3 and 2 units, respectively. Since the preferences are substitutable, the
prices charged for the winning bidders are VCG, but importantly they are computed based
on the “imputed” package bids. Consequently, each bidder pays 2 = 6 — 4, below the true
VCG payment, 3 =10 — 7.

5L A similar result holds if they bid only for the winning package of the clock phase.

2Interestingly, the package bids can be non-monotonic. Of course, the non-monotonicity may arise even
if the bidders do make supplementary bids, given their indifferences. Incidentally, such a non-monotonicity
has been observed in the UK 10-40GHz auction.

%3 That is, the price is the value of the most profitable package for the opponent, which is no more than
6, minus the value of the opponent’s winning package, which is 4.

118



Second, the ambiguous bidding incentives in the proxy phase may make CCA susceptible
to collusion. Bidders have a relatively simple way to support a collusion. They can (tacitly)
agree to divide the licenses among themselves, and they can drop their demands quickly
(but dropping one unit at a time for each increment) to their agreed-upon levels. In the
proxy phase, they can simply go “quiet” and not make any supplementary bids, unless some
bidder has deviated in the clock phase, in which case they all bid truthfully for the packages
in the proxy phase.”® This behavior can be supported as an equilibrium due to the feature
that bidders become indifferent over all of their feasible bids in case all license are sold;
the indifference means that a bidder has no obvious incentive to deviate from a collusive
agreement. More importantly, even bidding straightforwardly during the clock phase can
lead to a collusive outcome, as illustrated above.

Third, the ambiguous bidding incentives in the proxy phase could compromise bidders’
incentive for bidding truthfully in the clock phase and could lead to an inefficiency, as
pointed out by Levin (2011). To see this, consider the above example again. There exists
an equilibrium in which bidder 1 bids slightly more than 3 for the third unit to win 3 units
and bidder 1 bids true marginal values to win only 1 unit, and thereafter in the proxy phase
bidder 1 bids truthfully and bidder 2 goes “quiet” and makes no bid. As noted, since all
items are sold in the clock phase, any strategy profile, including the described behavior, is
an equilibrium in the proxy phase. Given this behavior in the proxy phase, the described
behavior of the bidders in the clock phase is supported as an equilibrium.?® Clearly, the

resulting allocation is inefficient.

4 This is possible if they had demanded such packages in the clock phase.

%5 Against the truthful bidding by bidder in the proxy phase, bidder 2 can do no better than bidding true
marginal values in the clock phase. Against the “quiet” behavior by bidder 2, bidder 1 pays only 2 = 6 — 4,
whereas if he wins only 2 units, he will still pay 2 = 6 — 4 (as observed earlier).
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C Proof of Theorem 4

Theorem 4. Consider the MALS reverse auction and assume that clock prices decline con-
tinuously and with speeds that do not depend on the actions of bidders. Then straightforward

bidding is a weakly dominant strategy for all bidders.

Proof. Consider an arbitrary bidder i. Let vp,vi1, ..., v;x denote i’s valuations of each
option, where option 0 is “exit” (remain in one’s currently assigned band) and options
1,..., K are relinquishment options. Let p; = (pio, - - .,pix) denote the clock prices offered
to bidder 7 at a given instant in the auction. The price p;y is always zero. The price of an

option k that is infeasible for bidder 7 is specified as p;, = —o00. For each £k =0,..., K let
Tik (Pi) = Vit + Dirx — Vio-

Thus, ;% (p;) represents the gain (relative to the “exit” option) i would realize at the current

clock prices by choosing option k. Of course, m;o (p;) = 0. Let
i (pi) = MAX T (pi) -

We will need to consider three possible types of deviations from the straightforward bidding
strategy (the strategy of choosing option k* (p;) € argmaxy my (p;) at every price vector
pi)- (i) Suppose i exits when 7; (p;) > 0. Since exit is irreversible, this deviation has no
effect on 7 if he would ultimately have been assigned option 0 by following straightforward
bidding. So this deviation can affect ¢ only when it changes his final assignment from some
k > 0 to 0. Since straightforward bidding guarantees ¢ a payoff of at least v;p and could
have led to strictly higher payoff (e.g., if all others exited immediately at their current price
offers), exiting when 7, (p;) > 0 is weakly dominated at p;. (ii) Now suppose i chooses an

option k > 0 even though 7; (p;) < 0. Relative to straightforward bidding when the price
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vector is p;, the only way this choice could change i’s payoff is if 7 ends up assigned to some
option k£ > 0. But in such cases i’s payoff is strictly less than v;y. Since vy is the lowest
payoff ¢ can receive under straightforward bidding, this deviation is weakly dominated. (iii)
The remaining possible deviations from straightforward bidding involve choosing an option
J ¢ argmaxy~o i (p;) when 7; (p;) > 0. Because this choice does not change the subsequent
price offers to ¢ or other bidders, the only way this deviation from straightforward bidding
can change i’s payoff is when p; turns out to be the final price vector i is offered. In this
case, he would have been strictly better off following the straightforward bidding strategy.

Thus, at any p;, straightforward bidding is weakly dominant.
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D Reverse Auction Simulations

In this section we describe simulation results for the following four reverse auction mecha-

nisms:

e The descending clock auction, using either an ILP or constraint satisfaction solver for
feasibility checking, under the assumption that broadcasters remain in the auction until
their offer falls to their valuation for remaining on-air. In the figure legends below, this

mechanism is referred to as descending clock.

e The descending clock auction, but with the exact solution for feasibility checking re-
placed by the much faster myopic construction of the repacked set and assignment to

channels. In the figure legends below, this mechanism is referred to as myopic clock.

e The sealed-bid VCG mechanism, again under truthful bidding, using an ILP solver for
the selection of the expenditure-minimizing set of broadcasters to clear. In the figure

legends below, this mechanism is referred to as VCG.

e A sealed-bid pay-as-bid (first price) reverse mechanism, evaluated under full-information
Nash equilibrium bidding, and again employing ILP for the selection of broadcasters to
clear. In the figure legends below, this mechanism is referred to as pay-as-bid full-info

Nash.

For these four mechanisms and equilibrium concepts, we consider all six pairwise comparisons
of expenditures for clearing 7 broadcasters out of 10 and repacking 3. In Figure 7, the
repacking constraint network is generated randomly at various edge densities (0.25, 0.5, and
0.75) over the 10 broadcasters, and the valuations of broadcasters are independent random
values between 0 and 100. Each point in Figure 7 corresponds to a single such random
trial, and shows the expenditure for clearing three broadcasters for each method on that

trial. Points above the diagonal are a win for the mechanism+-equilibrium concept on the
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x-axis, while points below are a win for the one on the y-axis. In general, the problems

become harder with higher edge density (more repacking constraints). Figure 8 is similar in

spirit, but instead shows comparisons at the fixed edge density 0.5, but with the number of

broadcasters k to be repacked varying from 2 to 4.
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Figure 7: Comparison of mechanism expenditures with varying repacking constraint network

edge density.

The main takeaways from these preliminary plots are:

e Even within this artificial family of generated networks, valuations, etc., there are

significant differences between the expenditures and other properties of the solutions

found by the various mechanisms, and these differences depend on the parameters.

e For example, the clearing expenditures of the clock auction are generally higher than

those of pay-as-bid Nash at low edge density, but are generally lower at high edge

density. The clock auction expenditures are generally comparable to those of VCG,

except at high edge density, where the clock auction tends to spend less.
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Figure 8: Comparison of mechanism expenditures with varying clearing targets.

e The myopic clock auction — the version of the clock auction where exact feasibility
checking is replaced by the computationally efficient myopic assignment algorithm —
competes well with the standard clock auction at low to moderate edge density. At
high edge density, it starts to underperform due to its clearing more stations than

necessary.
e Related observations can be made for varying numbers of broadcasters to repack.

Figure 7 and 8 compare the mechanism expenditures in absolute (“dollar”) terms, but
perhaps more relevant are the relative expenditures, as measured by the ratio of expenditures
for each pair of mechanisms as we vary edge density or clearing target. The maximum and
minimum ratios for each pair of mechanisms is thus shown in Figure 9 for each setting of

the parameters.
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Figure 9: Maximum and minimum expenditure ratios for the mechanisms.
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Figure 10: Computation time for the mechanisms as a function of problem size.

Finally, in addition to comparison of solution properties such as clearing expenditures,

our simulation framework also permits computational comparisons and benchmarking. For

example, in Figure 10, we show computation time (averaged over multiple trials) for each

mechanism as a function of the number of broadcasters n. Since the computation time for

both VCG and pay-as-bid sealed full-information Nash are dominated by calls to an ILP
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Figure 11: Computation time for the clock mechanisms as a function of problem size.

solver, we plot them together as “ILP-based approaches”. We can see that the computation
for these approaches grows rapidly as n increases, much more so than for the two clock
auction variants. Since the scale is dominated by the ILP running time, in order to compare
the clock auctions we show their computational needs on a separate plot in Figure 11.
Here we see the standard clock auction running time growing much more rapidly than the

guaranteed-efficient myopic clock auction.
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