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Abstract—Providing proper economic incentives is essential for
the success of dynamic spectrum sharing. Cooperative spectrum
sharing is one effective way to achieve this goal. In cooperative
spectrum sharing, secondary users (SUs) relay traffics for pri-
mary users (PUs), in exchange for dedicated transmission time
for the SUs’ own communication needs. In this paper, we study
the cooperative spectrum sharing under incomplete information,
where SUs’ types (which capture the relay channel gains and the
SUs’ power costs) are private information and are not known to
the PU. Inspired by the contract theory, we model the network
as a labor market. The PU is an employer who offers a contract
to the SUs. The contract consists of a set of items representing
combinations of spectrum access time (i.e., reward) and relay
power (i.e., contribution). The SUs are employees, and each of
them selects the best contract item to maximize its payoff. We
study the optimal contract design for both weakly and strongly
incomplete information scenarios. First, we provide necessary
and sufficient conditions for feasible contracts in both scenarios.
In the weakly incomplete information scenario, we further derive
the optimal contract that achieves the same maximum PU’s
utility as in the complete information benchmark. In the strongly
incomplete information scenario, we propose a Decompose-and-
Compare algorithm that achieves a close-to-optimal contract.
We further show that the PU’s expected utility loss due to the
suboptimal algorithm and the strongly incomplete information
are both relatively small (less than 2% and 1.3%, respectively, in
our numerical results with two SU types).

I. INTRODUCTION

With the explosive development of wireless services and
networks, spectrum is becoming more congested and scarce.
Dynamic spectrum sharing is a promising approach to increase
spectrum efficiency and alleviate spectrum scarcity, as it
enables the unlicensed secondary users (SUs) to dynamically
access the spectrum licensed to the primary users (PUs)
[1], [2]. The successful implementation of dynamic spectrum
sharing requires many innovations in technology, economics,
and policy. In particular, it is important to design the sharing
mechanism such that PUs have incentive to open their licensed
spectrum for sharing, and SUs have incentive to utilize the new
spectrum opportunities despite of the potential costs.

Market-driven spectrum trading is a promising paradigm
to address the incentive issue in dynamic spectrum sharing.
With spectrum trading, PUs temporarily sell the spectrum to
SUs to obtain either a monetary reward or a performance
improvement. A particularly interesting trading scheme is
cooperative spectrum sharing, where SUs relay traffics for
PUs in order to get their own share of spectrum. A brief
illustration of cooperative spectrum sharing is shown in Figure
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1 on the next page. The SUs’ transmitters (ST; ~ STs) act
as cooperative relays for the PU in Phase I and Phase II, and
transmit their own data in Phase III. The cooperative spectrum
sharing leads to a win-win outcome for both PUs and SUs.

The study of cooperative spectrum sharing mechanisms have
only started recently [15]-[18]. The prior results all assumed
complete network information, i.e., PUs know SUs’ channel
conditions, resource constraints, and costs of transmission
powers. This assumption is often too strong for practical
networks. In this paper, we study the cooperative spectrum
sharing under incomplete information. We consider the general
case that SUs have different types based on their relay channel
gains and evaluations of power consumptions. The types are
private information, and only an SU knows its own type. The
only related paper that also deals with incomplete information
is [19], which studied the interactions between a single PU
and a single SU. We consider the interaction between a single
PU and multiple SUs in the network.

To tackle this problem, we propose a contract-based co-
operative spectrum sharing mechanism. Contract theory is an
effective tool in designing the incentive compatible mechanism
in a monopoly market under incomplete information [22]. The
key idea is to offer the right contract items so that all agents
have the incentive to truthfully reveal their private information.
For the spectrum sharing problem, we can imagine the network
as a labor market. The PU is an employer who offers a contract
to the SUs. The contact consists of a set of contract items,
which are combinations of spectrum access time (i.e., reward)
and relay power (i.e., contribution). The SUs are employees,
and each SU selects the best contract item according to its
type. We want to design an optimal contract that maximizes
the PU’s utility (average data rate) under the incomplete
information of SUs’ types.

The main contributions of this paper are as follows:

o New modeling and solution technique: As far as we know,
this is the first paper that tackles cooperative spectrum
sharing under incomplete information based on contract
theory.

o Multiple information scenarios: We study the issue of
optimal contract design for three different scenarios:
complete information (benchmark), weakly incomplete
information, and strongly incomplete information. For the
latter two scenarios, we characterize the necessary and
sufficient conditions under which a contract is feasible.

e Optimal contract design: In the weakly incomplete in-
formation scenario, we derive the optimal contract that
achieves the same maximum PU’s utility as in the
complete information benchmark. In the strongly incom-
plete information scenario, we propose a Decompose-
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Fig. 1. Cooperative spectrum sharing with three phases in each time slot

TABLE I
FEASIBILITY CONDITIONS AND OPTIMALITY

Network Information H Optimality Sections in This Paper
Complete (benchmark) Optimal 111
Weakly Incomplete Optimal IV and V
Strongly Incomplete Close-to-Optimal IV and VI

and-Compare algorithm that obtains a close-to-optimal
contract for the PU.

o Performance analysis: In the strongly incomplete infor-
mation scenario, we quantify the PU’s expected utility
loss due to the suboptimal algorithm (by comparing
it with the exhaustive search method) as well as the
strongly incomplete information (by comparing it with
the complete information benchmark). Both kinds of
losses are are relatively small, i.e., less than 2% and 1.3%
in our numerical results with two SU types, respectively.

The key results and the corresponding section numbers in
this paper are summarized in Table 1.

The rest of this paper is organized as follows. In Section
II, we provide the system model and problem formulation. In
Section III, we propose the optimal contract under complete
information. In Section IV, we propose the necessary and
sufficient conditions for feasible contracts under incomplete
information. In Sections V and VI, we derive the optimal and
close-to-optimal contracts in weakly and strongly incomplete
information scenarios, respectively. We present the numerical
results in Section VII. We review the related literatures in
Section VIII and finally conclude in Section IX.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a cognitive radio network with a primary
licensed user (PU) and multiple secondary unlicensed users
(SUs) as shown in Fig. 1. Each user is a dedicated transmitter-
receiver pair. The PU has the exclusive usage right of the
licensed spectrum band, but its transmission suffers from
the poor channel condition between its transmitter P7' and
receiver PR. We represent M SUs by distinct transmitter-
receiver pairs {ST, — SRy}iL,. Each SU wants to have

dedicated time to access the licensed band and transmit its
own data. The PU can employ a subset of or all SUs to relay
its traffic; the involved SUs will obtain dedicated transmission
time for their own data. The interaction between the PU and
the SUs involves three phases as in Fig. 1: Phases I and II for
the cooperative communications with a total fixed length of
time T},' and Phase III for the SUs’ own transmissions. More
specifically, we have

o Phase I: In the first half of the cooperative communication
period (T/2), the primary transmitter P7" broadcasts its
data to the primary receiver PR and the involved SUs’
transmitters (e.g., ST, ST», and ST3 in Fig. 1). Note
that SU 4 and SU 5 are not involved in this example.

o Phase II: In the remaining half of the cooperative com-
munication period (7 /2), the involved SUs’ transmitters
(ST's) decode the data received in Phase I and forward to
the primary receiver PR simultaneously using the space-
time codes assigned by PU.> Through proper choice of
space-time codes, SUs’ simultaneous relay signals do not
interference with each other at the primary receiver PR
[20].

 Phase III: PU rewards each involved SU with a dedicated
time allocation for that SU’s own data (e.g., {tx}3_;
for three involved SUs). SUs access the spectrum using
TDMA and do not interfere with each other.

Here we assume that each involved SU can successfully
decode PU’s data in the first phase of cooperative communi-
cations. Thus we can focus on the relay links between the ST's
and PR, which are the performance bottleneck of cooperative
communications. This assumption can be relaxed if the PU
can perform an initial screening over all SUs as follows. The
PU first broadcasts a pilot signal to all SUs, and only those
SUs replying correctly can choose to accept the contract and
involve in the cooperative communications later. Notice that
the involved SUs are often the ones that are close to the
primary transmitter P, and thus are not close to the primary

IThe time period Tp is a constant and is determined by PU’s MAC layer
and Physical layer specifications.

2We will discuss the details of the coordination between PU and SUs in
Section II-C.



receiver PR. This explains why a PT — ST channel is often
better than the corresponding ST — PR channel.

The PU and SUs have conflicting objectives in the above
interactions. The PU wants the SUs to relay its traffic with
high power levels, which will increase the PU’s data rate but
reduce the SUs’ battery levels. An SU k wants to obtain a large
dedicated transmission time ¢;, which will increase the SU’s
own performance but reduce the PU’s utility (time average data
rate). In Sections II-A and II-B, we will explain in details how
the PU and SUs evaluate the trade-off between relay powers
and time allocations. In Section II-C, we propose a contract-
based framework which brings the PU and SUs together and
resolve the conflicts.

A. Primary User Model

In this subsection, we discuss how the PU evaluates relay
powers and time allocations.

We first derive the PU’s achievable data rate during the
cooperative communications (i.e., Phases I and II in Fig. 1).
Let us denote the set of involved SUs as N (e.g., N = {1, 2,3}
in Fig. 1). The received power (at the primary receiver PR)
from SU £k is pg, and the time allocation to this SU is .
Without loss of generality, we normalize Ty to be I in the rest
of the paper. Then t;, can be viewed as the ratio of t/Tp.

e In Phase I, PU’s transmitter broadcasts its data, and PU’s
receiver achieves a data rate (per unit time) of

Rdir = 10g(1 + SNRPT’pR). (1)

Note that R%" remains as a constant throughout the
analysis.

« In Phase II, each involved SU successfully decodes PU’s
data and forwards to PU’s receiver.

Thus the PU’s total transmission rate during the cooperative
communications (Phases I and II) is ([20])

Rdir 1
Trpe[l]ay _ 5 + 3 log (1 + Z SNRSTk7PR>

keN
Rdir 1
== +210g(1+22k6/\/pk>’ 2)
no

where ng is the noise power, and constant 1/2 is due to equal
partition of the cooperative communication time into Phase |
and Phase II. We can think (2) as the sum of transmission
rates of two “parallel” channels, one from the PT to PR and
the other from the set of involved SUs’ transmitters to PR.

Based on the above discussion, we next compute the PU’s
average data rate during the entire time period (i.e., Phases
I, II, and III). The cooperative communications only utilizes
1/(1+ > e tr) fraction of the entire time period. The PU’s
objective is to maximize its utility (i.e., average transmission
rate during the entire time period) as follows

1 relay
R B 3)

1 dir 1
(R + Zlog <1+ z’“ENpk)) ,

N I+ Zke/\/ tk 2 2 o
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which is decreasing in total time allocations to SUs (i.e.,
> ren tr), and is increasing in the total received power from
SUs (i.e., D pen Pr)-

We want to emphasize that the utility calculation in (3)
assumes that the PU involves at least one SU in the cooper-
ative communication. The PU can also choose to have direct
transmissions only in both Phases I and II and not to interact
with the SUs (and thus there is no Phase III). The total rate
in this direct transmission only approach is R%". This means
that the PU will not choose cooperative communications if the
utility in (3) is smaller than R%". In the rest of the analysis,
we assume that R%" is small such that the PU wants to use
cooperative communications. In Section VII, we will further
explain what will happen when this is not true.

B. Secondary User Model

Next we discuss how SUs evaluate relay powers {py }ren
and time allocations {¢x}renr. We want to emphasize that
the relay power is measured at the PU’s receiver, not at the
SUs’ transmitters. We consider a general model where SUs
are heterogeneous in three aspects:

e SUs have different relay channel gains between their
transmitters and the PU’s receiver (hsr pr). If an SU
k wants to reach a received power level pj at the
PU’s receiver, it needs to transmit with a power pfC =
Pr/hsT, . PR-

e SUs can achieve different (fixed) rates to their own
receivers (i.e., data rate rsy, over link STy, — SRy,) with
different (fixed) transmission power (i.e., ptSUk).

o SUs have different cost C}, per unit transmission power.

Note that the parameters C, rsy,, ptSUk, and hgr, pr are
SU k’s private information and are only known to himself.

We define an SU k’s payoff as mgrs, , which is the difference
between its own transmitted data during time allocation tj, in
Phase III and its cost of power consumption during Phase II
and Phase III. That is,

1 p
TSy, = tkTsu, — (tkpfquk + 2hSTPR> Ch. 4)
k>

We assume that every SU wants to have positive transmission
time if it does not need to relay the PU’s traffic, i.e., rsy, —
pngkC’k > 0 for all £ € N. If this is not true for an SU,
we can simply eliminate it from the network. Notice that (4)
is increasing in time allocation ¢, but is decreasing in relay
power py.

We can further simplify (4) by multiplying both sides by
2hst, . pr/Ck, which leads to the normalized payoff

. 2hst, pr _ 2hst, PR(rsu, — Ckpsy,)
TSUy "= TSUk = C tk—Dk-
k k

&)

Such normalization does not affect SUs’ choice among differ-

ent relay powers and time allocations. Thus it will not affect
the contract design introduced later.

To facilitate later discussions, we define an SU k’s type as

0. — 2hst, pr(Tsu, — Ckpsu,)
k= S
%

>0, (6)



which captures all private information of this SU. A large type
0, means that the SU’s own transmission is efficient (a large
r5y, or a small pgy, ), or it has a good channel gain hs, —pr
over the relay link, or it has a more efficient battery technology
(a small Cy). With (6), we can simplify SU’s normalized
payoff in (5) as

TPk, tr) = Tsu, = Okt — P )

which is decreasing in PU’s received power pj and increasing
in PU’s time allocation tj,.

Since each SU is selfish, a type-0;, SU wants to choose relay
power and time allocation to maximize its payoff in (7). Notice
that an SU can always choose not to help the PU, which leads
a zero payoff.

C. Contract Formulation under Incomplete Information

After introducing PU’s utility in (3) and SUs’ (normalized)
payoffs in (7), we are ready to introduce the contract mecha-
nism that resolves the conflicting objectives between the PU
and SUs.

Contract theory studies how economic decision-makers con-
struct contractual arrangements, generally in the presence of
asymmetric (private) information [22]. In our case, the SUs’
types are private information and only known to themselves.
The PU does not know the type of each SU, and needs to
design a contract to attract the SUs to participate in cooperative
communications.

To better understand the contract design in this paper, we
can imagine the PU as an employer and SUs as employees in
a labor market. The employer determines the contract, which
specifies the relationship between the employee’s performance
(i.e., received relay powers) and reward (i.e., time allocation).
If we denote P as the set of all possible relay powers and 7°
as the set of all possible time allocations, then the contract
specifies a ¢ € 7 for every p € P. Each distinct power-
time association becomes a contract item. Once a contract is
given, each SU will choose the contract item that maximizes
its payoff in (7). The PU wants to optimize the contract items
to maximize its utility in (3).

We consider K types of SUs, with types denoted by the set
O = {61,0,,...,0k}. Without loss of generality, we assume
that #; < 62 < ... < k. The total number of SUs in type-0 is
Ny,. According to the revelation principle [21], it is enough to
consider the class of contract that enables the SUs to truthfully
reveal their types. Because of this, it is enough to design a
contract that consists K contract items, one for each type.
We denote contract item intended for type-0y by (pg, tx). The
contract can be written as ® = {(pg,tx),Vk € K}, where
K={1,2,...K}.

We will consider the optimal contract design for three
information scenarios.

o Complete information in Section III: This is a benchmark
case, where the PU knows each SU’s type. We will
compute the maximum utility that the PU can achieve
in this case, which serves as an upper-bound of the PU’s
achievable utility in the incomplete information scenarios.

3Note that the contract items intended for different types may be same.

o Weakly incomplete information in Section V: The PU does
not know each SU’s type, but has knowledge of the set
of types and the number of each type SUs in the market
(i.e., Ny, for each type-0). We will show that the optimal
contract in this case achieves the same PU’s utility as in
the complete information benchmark.

o Strongly incomplete information in Section VI: The PU
only knows the total number of SUs (/V) and the distri-
bution of each type, but does not know the number of
each type (/Vg). The PU needs to design a contract to
maximize its expected utility.

Once the PU has determined the contract, the interactions

between the PU and SUs will follow four steps.

1) The PU broadcasts the contract ® = {(py, tx),Vk € K}
to all SUs.

2) After receiving the contract, each SU chooses one con-
tract item that maximizes its payoff and informs the PU
its choice.

3) After receiving all SUs confirmations, the PU informs
the involved SUs (i.e., those choosing positive contract
items) the space-time codes to use in Phase II and the
transmission schedule in Phase III. Note that the length
for transmission time for each involved SU is specified
by the contract item and the PU can no longer change.

4) The communications start by following three phases in
Fig. 1.

ITI. OPTIMAL CONTRACT DESIGN UNDER COMPLETE
INFORMATION: THE BENCHMARK SCENARIO

In the complete information scenario, the PU knows pre-
cisely the type of each SU. We will use the maximum PU’s
utility in this case to evaluate the contract performance in
Sections V and VI. Without loss of generality, we assume
that N > 1 for all k € K.

As the PU knows each SU’s type, it can monitor and make
sure that each SU accepts only the contract item designed
for its type. The PU needs to ensure that the SUs have non-
negative payoffs so that they are willing to accept the contract.
In other words, the contract needs to satisfy the following
individual rationality constraint.

Definition 1: (IR: Individual Rationality): A contract satis-
fies the individual rationality constraint if each type-6; SU
receives a non-negative payoff by accepting the contract item
for 6y, i.e.,

ity —pi >0, VkeK. (8)

We say a contract is optimal if it yields the maximum utility
for the PU under the current information scenario. Different
information scenarios may lead to different optimal contracts.

In the complete information scenario, an optimal contract
maximizes the PU’s utility as follows

Rdi'r' 1
5— + 5 log (1 +
1+ ek Nit )
ke *VkUk
subject to IR Constraints in Eq. (8).

no

Zke)c Nkpk)

max
{(pr,te)20,Vk}

In this paper, the vector operations are component-wise (e.g,
(pk,tr) > 0 means that py > 0 and ¢;, > 0) unless specified
otherwise. Then we have the following result.



Lemma I: In an optimal contract with complete informa-
tion, each SU receives zero payoff by accepting the corre-
sponding contract item. In other words, t;6; = py for any
ke K.

Proof. We prove by contradiction. Suppose that there exists
an optimal contract item (pg,t;) with Oty — pr > 0. Since
PU’s utility in (9) is increasing in py and decreasing in ¢, the
PU can increase its utility by decreasing ¢, until Oyt — pr, =
0. This contradicts with the optimality assumption, and thus
completes the proof. ]

Using Lemma 1, we can replace py by 0yt for each k €
and simplify the PU’s utility maximization problem in (9) as
ke Nibrte )

no

dir
R2 + %log (1 +
I+ Zkelc Nyt

Theorem 1: In an optimal contract with complete informa-
tion, only the contract item for the highest type is positive and
all other contract items are zero. That is (pg,tx) > 0, and
(pk,tr) = 0 for any k < K.

The proof of Theorem 1 is given in [24]. Intuitively, the
highest type SUs can offer the most help to the PU with the
same time allocation in Phase III.

Using Theorem 1, the optimization problem in (10) can be

simplified as
1 Rér 1 Ox Niti
=1 1+ — .11

g(l%)(()1+NKtK( 2 —|—20g<+ no an

Since N and tx always appear as a product in (11), we can
redefine the optimization variable as ¢t = Ntk and rewrite
(11) as

1 Ré 1 HKfK)>
max ——— + —lo 14+ — .
x>0 1+ 1x < 2 2 g( ng

This means the PU’s optimal utility does not depend on
the number of highest type users Nx. When Nx changes,
the optimal time allocation per user t7. changes inversely
proportional to Ng.

At this point, we have successfully simplified the PU’s opti-
mization problem from involving 2K variables {(p, tx), Vk €
K} in (9) to a single variable fx in (12).

We can show that problem (12) is a non-convex optimization
problem (details in [24]). Although it is difficult to find a
closed-form solution, we can use an efficient one-dimensional
exhaustive search algorithm to find the global optimal solution
f}( [23]. We will provide numerical results in Section VII.

max
{tx>0,vk}

(10)

12)

IV. FEASIBLE CONTRACTS UNDER INCOMPLETE
INFORMATION

In this section, we study the necessary and sufficient con-
ditions for a feasible contract under incomplete information.
This helps us derive optimal contracts in Sections V and VI.

A feasible contract includes K power-time items such
that any type-0; SU prefers the contract item of its type,
i.e., (pk,tr), to any other contract item. Under incomplete
information, a feasible contract must satisfy both the individual
rationality (IR) constraint in Definition 1 and the incentive
compatibility (IC) constraint defined next.

Definition 2: (IC: Incentive Compatibility): A contract sat-
isfies the incentive compatibility constraint if each type-6;, SU
prefers to choose the contract item for 6y, i.e.,

Optr — pr > Oty — p;,Vk,j € K. (13)
In summary, the PU’s optimization problem is
max uPU({(pk,tk),k € ’C}), (14)

{(Prtr), Yk}

subject to Oty — pr > Oxt; —pj, Yk, j €K,
Oxti —pr > 0,Vk € K
ty > 0,pr >0, Vk € K.

The first two constraints correspond to IC and IR, respectively.

A. Sufficient and Necessary Conditions for Feasibility

Next we provide several necessary and sufficient conditions
for the contract feasibility.

Proposition 1 (Necessary condition 1): For any feasible
contract ® = {(pg, tx), Vk}, p; > p; if and only if ¢; > ¢;.

The proof of Proposition 1 is given in [24]. Proposition 1
shows that an SU contributing more in terms of received
power at the PU’s receiver should receive more time allocation,
and vice versa. From Proposition 1, we have the following
corollary, saying that the same relay powers must have the
same time allocations, and vice versa.

Corollary 1: For any feasible contract ® = {(px, tx), Vk},
p; = pj if and only if ¢; = 1;.

Proposition 2 shows the second necessary condition for
contract feasibility.

Proposition 2 (Necessary Condition 2): For any feasible
contract ® = {(p, tx), Vk}, if 6; > 0;, then t; > t;.

The proof of Proposition 2 is given in [24]. Proposition 2
shows that a higher type SU should be allocated more trans-
mission time. Combined with Proposition 1, we know that a
higher type of SU should also contribute more in terms of
PU’s received power.

From Propositions 1 and 2, we conclude that for a feasible
contract, all power-time combination items satisfy

0<p1 <po< .. <pk, 05t <t <. < tg, (15)

with pr = pr+1 if and only if ¢ = tr41.

The previous propositions help us obtain Theorem 2 as
follows.

Theorem 2 (Sufficient and Necessary Conditions): A con-
tract & = {(pg,tx), vk} is feasible if and only if all the
following three conditions hold:

e Contda: 0 <p; <ps < ..<pgand 0 <t; <ty <

< tK;

e Contd.b: 01ty — p1 > 0;

e Contd.c: For any k = 2,3, ..., K,

Pr—1 + Ok—1(tk — th—1) < pr < pr—1 + Ok (tr — th—1)-

(16)

We give the proof of Theorem 2 in [24]. The conditions in

Theorem 2 are essential to the optimal contract design under

weakly and strongly incomplete information in Section V and
Section VI.
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V. OPTIMAL CONTRACT DESIGN UNDER WEAKLY
INCOMPLETE INFORMATION

In this section, we will look at the weakly incomplete
scenario, where the PU does not know each SU’s type but
knows the number of each type (i.e., Ni for any k € K).
Without loss of generality, we assume that N > 1 for all
k € K. Different from the complete information case, here
the PU cannot force an SU to accept certain contract item.
Thus we need to consider IC constraint here (which was not
an issue in the complete information case in Section III).

A conceptually straightforward approach to derive the op-
timal contract is to solve (14) directly. Going through this
route, however, is very challenging as (14) is a non-convex
and involves complicated constraints.

Here we adopt a sequential optimization approach instead.
We first derive the best relay powers {pj ({tx, Vk}), Yk} given
fixed feasible time allocations {ty,Vk}, then derive the best
time allocations {t;,Vk} for the optimal contract, and finally
show that there is no gap between {(p;,t;),Vk} and the
optimal solution of (14).

Proposition 3: Let ® = {(p,tr),Vk} be a feasible con-

tract with fixed time allocations {tx,Vk : 0 < t; < ... <tg}.
The optimal unique relay powers satisfy
px{({t/WVk}) - altla
k
pZ({tkaVk}) = 91t1 + Z el(tz - tifl)ka = 23 ey K.
i=2
a7

The proof of this proposition is given in [24]. Using
Proposition 3, we can simplify the PU’s optimization problem
in (14) as

R;" %1og (1 4 2kex Nk(91t1+§0:?:1 9i(ti*ti—1)))
max )
{tx,Vk} L+ rex Nitr
(18)
subject to 0<t <...<tk.

We can further simplify (18) using Theorem 3 below.

Theorem 3: In an optimal contract with weakly incomplete
information, only the contract item for the highest SU type
is positive and all other contract items are zero. That is
(px,trx) >0, and (pi,tx) = O for any k < K.

Theorem 3 can be proved in a similar manner as Theorem 1,
and the detailed proof is given in [24].

Using Theorem 3, we can simplify the optimization problem

+ —log

in (18) further as
1 Rdw 9}( NKtK
14— ). (19
gi’élJrNKtK( 2 2 <+ 0 (19)
Notice that (19) under weakly incomplete information is the

same as (11) under complete information. We thus conclude
that our sequential optimization approach (first over {pg,Vk}

and then over {t;,Vk}) results in no loss in optimality, as it
achieves the same maximum PU’s utility as in the complete
information scenario.

To solve problem (19), we can use an efficient one-
dimensional exhaustive search algorithm to find the global
optimal solution t7.. We will provide numerical results in
Section VII.

VI. OPTIMAL CONTRACT DESIGN UNDER STRONGLY
INCOMPLETE INFORMATION

In this section, we study the strongly incomplete information
scenario, where the PU does not know each SU’s type or the
number of each type (i.e., N, for each k € K). The PU only
knows the total number of SUs N and the probability g;, of
each SU belonging to type-0x (i.e., > cx qr = 1).

Similar to the weakly incomplete information scenario, here
the PU needs to consider the IC constraint since it cannot force
an SU to accept a certain contract item. The difference from
Section V is that here the PU does not know which type is the
highest type in the system and how many SUs belong to the
highest type, and thus the simple approach of only providing
a positive contract item for type 6k as in Theorem 3 may not
be optimal. If the PU does that and it turns out that Nxg = 0
in the network, then there will be no SUs participating in the
cooperative communications.

The right target for the PU is design a contract to maximize
the expected utility subject to the IC and IR constraints. As
the PU knows the total number of SUs N, then the probability
density function of the number of SUs { Ny, Vk} is

Q(nl ,...,7LK,1,7LK=N—Z?:711 n;)

K-1

= PI‘(N1 = nl,...,NK_l = nK_l,NK =N — Z Nl)
=1

N' ng_1 N— Z,Kllnz

= K—1 @'t

A1 9K
m!...nK_ll(NfZizl nz)'

(20)
The PU’s optimization problem can be written in (21) subject
to the IC ad IR constraints.

Similar to Section V, here we adopt a sequential opti-
mization approach: we first derive the optimal relay pow-
ers {p;({tx,Vk}),Vk} with fixed feasible time allocations
{tx, Vk}, and then derive the optimal time allocations {t}, Vk}
for the optimal contract. The difference is that optimality is
no longer guaranteed as explained later.

Proposition 4: Let ® = {(pg,tx),Vk} be a feasible con-

tract with fixed time allocations {¢x,Vk:0 <t} < .. <tg},
then the unique optimal relay powers satisfy
p1({tr, VE}) = b1t
k
pi({te, VEY) = 01ty + > 0;(ti — ti1), Yk =2, ..., K. (22)
i=2
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. (23)

L+ E it + (N - KT )t
0<t < ... <tg.

Notice that Proposition 4 under strongly incomplete infor-
mation is actually the same as Proposition 3 under weakly
incomplete information. Proposition 4 can be proved in a
similar manner as Proposition 3, using the fact that PU’s
expected utility is increasing in {py, Vk}. The proof is omitted
here due to space limit, and can be found in our online
technical report [24]. Based on Proposition 4, we can simplify
the PU’s optimization problem in (21) as (23).

Note that (23) is a non-convex optimization problem and all
K variables are coupled in the objective function. Furthermore,
the number of terms in the objective increases exponentially
with the number of types K. Thus it is hard to solve efficiently.

Next, we propose a low computation complexity approxi-
mate algorithm, Decompose-and-Compare algorithm, to com-
pute a close-to-optimal solution to (23) efficiently. In this
algorithm, we will compare K simple candidate contracts, and
pick the one that yields the largest utility for the PU. There
are two key steps behind this heuristic algorithm.

o Decompose into K candidate contracts: In the kth can-

didate contract, we offer a single contract item t; > 0 to
SUs with a type equal to or larger than 6y, and zero for
other types. The value of ¢; is chosen to maximize the
PU’s expected utility in (23).

o Compare to achieve the balance between efficiency and
uncertainty: Among K candidate contracts, we pick the
one that achieves the best trade-off between efficiency and
uncertainty, i.e., maximizing the PU’s expected utility.
For the kth contract, SUs with type 6 or above will ac-
cept the contract. The larger the type, the higher positive
payoff achieved by an SU. Under strongly incomplete
information, it is not clear which type is the highest
among all SUs in the network. Thus choosing a candidate
contract with a threshold 6, too low will leave too much
payoffs to the SUs (and thus reduce the PU’s expected
utility), but picking the threshold too high might lead to
the undesirable case that no SUs want to participate. This
requires us to examine all K candidate contracts and pick
the one with the best performance.

In Section VII, we will use numerical results to show that
the proposed Decompose-and-Compare algorithm achieves a
performance very close to the optimal solution to (23) in most
cases.

VII. NUMERICAL RESULTS

Here we use numerical results to show the performance of
the proposed contracts in different information scenarios.

A. Complete and Weakly Incomplete Information Scenarios

As shown in Section III and Section V, the optimal contract
is the same for complete and weakly incomplete information
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scenarios. By examining the PU’s optimization in (19) that
applies to both scenarios, we have the following observations.

Observation 1: Figure 2 shows that the PU’s optimal utility
increases in the highest SU type-6x and the PU’s direct
transmission rate R%" 4

In Fig. 2, the dotted baseline denotes the rate R%" achieved
by direct transmission only. As R%" increases, the PU has less
incentive to share spectrum with the SUs. When R%" is very
large, the PU chooses not to use SUs at all, which corresponds
to No Relay Region in Fig. 2 (where the three curves are below
the baseline).

For the rest of the numerical results, we will only examine
the PU’s choice of optimal contract, without reiterating the
need to compare with R¥" and choose direct transmission
only if needed.

Observation 2: Figure 3 shows that the PU’s optimal total

4Without loss of generality, we normalize ng to be 1 in the simulations.



time allocation to the highest type-0x SUs, Nkt5., decreases
in PU’s direct transmission rate R%”. When R%" = 0, the
PU’s optimal total time allocation is strictly decreasing in 0k
when R¥" > (0, N Kkt firstincreases in § and then decreases
in 6 K-

When direct transmission rate R%" = 0, the PU definitely
needs SU’s help and will always allocate positive transmission
time to the highest type-6x SUs. If we look at the PU’s utility
in (19) with R¥" = 0, the logarithmic term log(1 + O N t%)
plays a more important role than PU’s transmission time
ratio m in this case. When 6 is small, the PU needs
to allocate a large amount time to the SUs to achieve its
desirable rate. When 6y becomes large, the PU can reach
a high relay rate by allocating less transmission time to the
SUs. This explains why we observe a decrease of Nt} in
Ok . Our technical report [24] provides a rigorous proof of
Observation 2 under R%" = 0.

When direct transmission rate R%" > 0 (the lower three
curves in Fig. 3), the PU has less incentive to allocate
transmission time to the SUs, especially when the highest
SU type-0k is small. As fx becomes large, PU is willing
to allocate more time in exchange of efficient help from SUs.
As 0 becomes very large, the PU only needs to allocate a
small amount of time to the SUs in order to obtain enough
relay help. The above analysis together explain why the lower
three curves in Fig. 3 first increase and then decrease in 6.

B. Strongly Incomplete Information Scenario

Here we show how PU chooses the optimal contract to
maximize its expected utility. As a performance benchmark,
we first compute the optimal solution to the PU’s expected
utility maximization problem in (23) via a K-dimension ex-
haustive search. We denote the corresponding optimal solution
as Flupy]*. Notice that Flupy]* is often smaller than the
maximum utility achieved under complete information. The
performance gap is due to the strongly incomplete information.
Next, we will compare the PU’s expected utility achieved
by the proposed Decompose-and-Compare algorithm with
FE [u pU}*.

For illustration purposes, we consider only two types of
SUs: 61 < 6. The PU only knows the total number of SUs NV
and the probabilities ¢; and g2 of two types, with g1 + g2 = 1.

In the Decompose-and-Compare algorithm, we first consider
two candidate contracts. The first candidate contract optimizes
a single positive contract item t; = to > 0 for both types. The
second candidate contract optimizes the positive contract item
to > 0 and sets t; = 0. Then we pick the candidate contract
that leads to a larger PU’s expected utility as the solution of
the Decompose-and-Compare algorithm.

Our numerical results (with details in [24]) show that
the proposed Decompose-and-Compare algorithm performs as
well as the exhaustive search when q{v is small. In this case,
the probability that at least one SU belongs to the high type-
05 is large and the PU will focus on the high type SU(s).
Even when ¢} is large, we can show that the PU’s expected
utility loss using Decompose-and-Compare algorithm is very
small compared to the exhaustive search (e.g., less than 2%
for ¢ = 0.81, §; = 4, and 6, = 10).
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Next we study how the strongly incomplete information
reduces PU’s utility comparing with the complete information
benchmark. First, we note that PU’s contract in the strongly
incomplete information scenario does not depend on N; and
Ny, as the PU targets at optimizing the expected utility
and does not know the realization information. However, the
actual PU’s utility (not the expected value) does depend on
N; and N,. Figure 4 shows the PU’s utility under different
information scenarios and different values of /N; and N5 with
N; + Ny = N. The (very close to) optimal contract under
strongly incomplete information can be obtained by using
the Decompose-and-Compare algorithm, where ¢’ approaches
to zero. The optimal contract under complete information
changes as N; and N, change.

Observation 3: Figure 4 shows that the PU’s optimal utility
under strongly incomplete information achieves the maximum
value (close to the one under complete information) when the
realized SU numbers is close to the expected value (i.e., N1 =
Ny = 6 in this example as ¢; = g2 = 0.5).

In Fig. 4, the largest performance gap between the two
curves happens when Ny = 0. In this case, the optimal
contract under complete information satisfies 1 > 0 and
to = 0, as there are no type-65 users. However, the PU under
strongly incomplete information chooses ¢t; = 0 and ¢ > 0
to maximize the PU’s expected utility. Such mismatch means
that the PU under strongly incomplete information has no SUs
serving as relays, and can only achieve a utility equal to half
of the direct transmission rate (only in Phase I). However, this
parameter setting only happens with a very small probability
gV =052 ~24x107%

A more meaning comparison is the PU’s expected utility
loss due to strongly incomplete information. We can first
compute the PU’s expected utility under strongly incomplete
information, which is the optimal objective of the PU’s
expected utility maximization problem in (23) (via an K-
dimension exhaustive search). Then we can compute the PU’s
expected utility under complete information by calculating the
weighted sum (weighted by the probability of each parameter
(N1, N3)) of the 13 values on the upper curve in Fig. 4. In
this example, the ratio is 0.9874. This means that the PU’s
expected utility loss due to strongly incomplete information is



TABLE 11
A SUMMARY OF SPECTRUM TRADING LITERATURES
Network
Information Money-Exchange Resource-Exchange
Complete Pricing: [3]-[6] Stackelberg: [15]-[18]
Contract: [8], [9] Contract: This paper
Incomplete Auction: [10]-[14] Bargaining: [19]

very small (i.e., less than 1.3%).

VIII. RELATED WORK

Recent years have witnessed a growing body of literatures
on the economic aspect of dynamic spectrum sharing. Market-
driven spectrum trading is a promising paradigm to address the
incentive issue in dynamic spectrum sharing. We can classify
spectrum trading models into two types: money-exchange
and resource-exchange. In the former type, SUs pay PUs
in the form of (virtual) money for the usage of spectrum
(e.g., [3]-[14]); in the latter type, SUs provide communication
resources (e.g., the transmission power in our model) for PUs’
transmissions in exchange for the usage of spectrum (e.g.,
[15]-[19D).

There has been extensive research on the money-exchange
spectrum trading models, often in the form of pricing [3]-
[7], contract [8], [9], and auction [10]-[14]. Pricing is often
used when the seller knows precisely the value of the resource
being sold. Contract is more effective in the case where the
seller only knows limited information (e.g., distribution) of the
buyers’ evaluation for the resource. In the case where the seller
has even less or no knowledge about the valuation, Auction
becomes an effective approach by motivating the bidders bid
for the resource in a truthful manner.

Money-exchange spectrum trading is most effective when
PUs have some temporarily unused spectrum. However, when
PUs’ own demands are high or the primary channels’ capac-
ities are low (e.g., due to shadowing and deep fading), there
will be hardly any resource left for sale. In this case, resource-
exchange spectrum trading can be a better choice. Cooperative
spectrum sharing is an effective form of resource-exchange
spectrum trading [15]-[19], wherein PUs utilize SUs as co-
operative relays. Such cooperation can significantly improve
PUs’ data rate and thus can free up spectrum resources for
SUs. Existing cooperative spectrum sharing mechanisms are
usually based on Stackelberg game formulations with complete
information [15]-[18]. The only recent work focusing on
incomplete information is based on a dynamic bargaining
formulation between one PU and one SU [19]. In this paper,
we consider the interaction between one PU and multiple SUs
under incomplete information, and propose a contract-based
cooperative spectrum sharing mechanism.

We summarize the key literatures of spectrum trading in
Table II.

IX. CONCLUSION

We study the cooperative spectrum sharing between one
PU and multiple SUs, where the SUs’ types are private
information. We model the network as a job market, in which

the PU offers the contract and each SU selects the best contract
item according to its type. We study the optimal contract
design for multiple information scenarios. We first provide the
necessary and sufficient conditions for feasible contracts under
incomplete information. For the weakly incomplete informa-
tion scenario, we derive the optimal contract that achieves the
same PU’s utility as in the complete information benchmark.
For the strongly incomplete information scenario, we propose
a Decompose-and-Compare algorithm that achieves a close-
to-optimal PU’s expected utility. Both the PU’s expected
utility loss due to the suboptimal algorithm and the strongly
incomplete information are small, e.g., less than 5% and 1.3%
in our numerical results with two SU types.
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