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Abstract. In this paper, we study distributed scheduling with different
delay constraints for each user in a heterogeneous collaborative network
with multiple relays, and the relay assists transmission under AF mode
and DF mode, respectively. Considering the case that the winner source
has full CSI, that is, the winner source in a contention has CSI of links
from itself to relays and from relays to its destination. After research, it is
found that this is a pure threshold strategy. In it, the threshold selection
of each user is regarded as a non-cooperative game, and the existence
of Nash equilibrium is proved. This paper maximizes the throughput by
using the optimal stopping theory, and validates the correctness through
numerical and simulation results.
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1 Introduction

With the rapid development of the times, modern society has increasingly higher
requirements for the communication quality of wireless networks, which leads to
the increasingly serious problem of insufficient spectrum resources. In order to
solve this problem, while vigorously developing a new blank spectrum, it is a
better solution to efficiently improve the spectrum efficiency.

In traditional wireless network, MAC layer and physical layer are designed
independently. Therefore, most of the research [1-3] achieve multi-user collabo-
ration focuses on single layer. The physical layer is only responsible for solving
the channel fading problem, while the MAC layer only considers how to avoid
collision when multiple users share the channel, and does not consider the chan-
nel state information of the physical layer users. According to the viewpoint of
joint design, the transmission opportunity can be used for channel transmission
more efficiently, so a concept of cross-layer design is produced, i.e. the MAC layer
controller dynamically schedules multiple users for channel access according to
the channel state information sensed in the physical layer. This special channel
access mode is called opportunistic channel access.
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In the past work, opportunistic scheduling strategies have been studied in
both centralized [4-6] and distributed networks [4,7-9], but in practical appli-
cations, many video applications and voice applications have different delay
requirements, and some have extremely low tolerance for time. Specifically, when
the effective time of real-time video data packet is reduced to zero, it will become
a useless data packet and be discarded immediately, Which seriously reduces the
video quality. Moreover, with time delay constraints, the system is prevented
from endlessly searching for better channel conditions, thus affecting QoS per-
formance.

In this paper, we study the optimal stopping strategy with delay constraints
based on two different relay forwarding models, namely, amplify-and-forward
network and decode-and-forward network. The rest of this paper is organized
as follows. System model under delay constraints is described in Sect. 2. DOS is
studied under AF mode and DF mode respectively in Sect. 3, and an optimal
DOS strategy is derived in Sect. 4, Performance evaluation is provided in Sect. 5.
Finally, the summary is shown in Sect. 6.

2 System Model

In a wireless network, K source-destination communication pairs (also called
users) with L relays under amplify-and-forward (AF) mode and decode-and-
forward (DF) mode are considered in a distributed manner. There is no direct
link between the source and the destination, and it can only be assisted by the
relay. Each user senses and accesses the channel in a competitive manner, as
shown in Fig. 1.
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Fig. 1. Relay network model
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Opportunistic channel access by multiple pairs proceeds as follows. At begin-
ning of a time slot! with duration ¢ , each source i =1,2,...,K independently con-
tends for the channel by sending a request-to-send (RTS) packet with probability
p;. There are three situations to consider during this period:

— Idle: If there is no source transmitting RTS in this time slot (with Probability
K
IT (1 —p;)), all sources continue to contend in the next time slot.

1=
— Collision: If there are two or more sources transmitting RTS (with Probability
K

K
1= [T (T =pi)— > pillxs (1 —px)), a collision happens, and all sources
i=1 i=1
continue to contend in the next time slot.
— Success: If there is only one source, say Source ¢, transmitting RTS

packet(with Probability Z i [Ixxs (1 — pr), the source is called winner of
the channel contention and obtain the channel access opportunity.

When the channel competition is successful, by receiving the RTS of the
winner source i, all relays can estimate the CSI between source i and itself,
then the relay send RTS to the destination, and the destination replies with
a CTS packet after receiving it. At this time, each relay can estimate the CSI
between itself and the destination, and the relay sends CTS packets containing
information from the source i to relay and relay to destination i to the winner
source in turn. At this point, the source ¢ obtains all CSI information. After
that, source ¢ has two decisions:

— to stop: Source i selects the optimal relay that can reach the maximum rate,
and sends the data packet to the optimal relay j*. Relay j* forwards the data
packet to the destination ¢, the duration is the channel coherence time 7g4;

— to continue: Source i will give up the access opportunity, and a new contention
is started among all sources.

After the winner source decides to stop, that is, the channel successfully
access, all the source will start one new round of channel contention.

The successful channel contention is regarded as one channel sense. For the
nth successful channel sense, let ¢, denote the time spent, and the number
of channel contentions to be experienced during this period follows a geomet-
ric random distribution. There are two cases of time overhead corresponding
to channel contention: when the slot is idle due to no user competing for the
channel, the time spent is the minimum slot ¢, = J; When there is user com-
petition, the time spent is t, = Trrg, that is, the time of using RTS packet for
user probe channel. The time expectatlon of 51ng1e channel sense t,, is given as

H (1-ps) (1—H (1- pz)—Zpsz)

n1= (Trrs+7crs)+=—5— 0+ - “TRTS, Where ps = Z Ps,i

denote the probability of successful user contention, and p;; is the probablhty
that user ¢ contend successfully, satisfying ps ;=p; Hk;ﬁz (1 —pg).

! The time slot is the shortest unit by which the channel availability is sensed.
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After each channel access, the winner source will obtain the CSI of the two-
hop channel, then calculate the maximum achievable rate and select the best
single relay among all relays, and then decide whether to transmit. If it decides
to stop, the winner source will transmits through the optimal relay, and if it
decides to continue, the winner source will contend for the channel again with
other sources.

3 Distributed Opportunistic Scheduling Under
Constraints

Based on the optimal stopping theory, the problem of channel access can be
modeled as a classical optimal statistical rate of return problem. To simplify the
expression, R, is the mean of achievable transmission rate at the nth observation,
given as

K
1 .
R, = ; ) =i g, losal 400 S

where I[-] means an indicator function. Specifically, when relay is selected to help

: o PPy |fi; (n) |51 (n)
with AF mode, 7; = max = rop g e

= max {Pgji(n)]* ol fis ()"}
According to the stopping method, after every successful channel contention,
source-destination communication pairs will have two choices: utilize the current
channel opportunity for data transmission, or give up this channel to allow others
to contend again. Assuming that data transmission is successfully completed ¢
times under this method, let { Ny Na, ..., N;} denote the stop time corresponding
to multiple transmissions, Ry, denote the information rate of the /th channel
access, 7q denote the time of single channel access, T, denote the time spent of
lth channel access. Based on Renewal’s theorem and the law of large numbers,
time-averaged system throughput converges to its statistical value, satisfying

Y Bvita  E[RNTd]
Z;:l TNl ]E[TN]

and with DF relay mode,

El%?jﬁ’g]d] is the statistical rate of return of a typical statistical model. The

random variables Ry and T both depend on the optimal stop time N in this
problem.

Considering channel opportunistic access under different user delay con-
straints, we further analyze the impact of delay constraint conditions on the
optimal access method and performance of different users. Specifically, in the
optimization problem model, T is used to denote the channel access time of
each user. According to QoS service requirements, Each user’s time expectation
needs to satisfy the delay sensitivity constraint condition of E[Ty]| < Ty, and
T;in denotes the constraint condition of the average service delay. For the method
of not waiting for access, the expected access time E[Tw,]=71 + 74. For N > 0,

where
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E[Tn] > 71 + 74 is satisfied, Therefore, there is no feasible solution to the above
problem when the delay constraint Ty, < 7 + 74.

The optimization problem of statistical throughput of the system can be
regarded as the maximum reward problem, mainly seeking the optimal stopping
method N* and the maximum network throughput \*, the details are as follows:
E[RNTd]

A = sup M. (2)

N*= arg max
NeQr E[TN]

NeQr E[TN]

where QT = {N : N Z 1,E[TN] S Tth}'

4 Optimal Stopping Strategy

For each user ¢, the maximum-expected-rate-of-return problem can be equiva-
lently transformed into a standard form of maximum expected return rate. In
particular, in order to get N* of each user, it is necessary to find the optimal
strategy that can obtain the maximum expected return

V*()\) = EZ%E[RNTC[ — )\TN]

s.t. E[TN] S ,Tth~ (3)

For the optimization problem of the difference objective function under the
delay constraint, the Lagrange duality problem is defined as follows:

L ()\):glzlr&L(oz, A) = min {V*(\,a) + oy} (4)

where L(a, A) is the Lagrangian function, V*(\, a) = sup E[Ry7a— (A+ ) Tn ],
N>0
« is the Lagrangian multiplier.

The following lemma establishes the relationship between the original opti-
mization problem, the equivalent transformation problem and the dual problem.

Lemma 1. The above problem satisfies relationship is as follows:

1) The inequality relation V*(X) < L*(\) is satisfied between the mazimum value
V*(X) of the objective function of the equivalent transformation optimal prob-
lem (3) and the maximum value L*(\) of the dual optimization problem;

2) When the user channel fading follows the Rayleigh model and channel access
is performed at the mazimum transmission rate, the channel statistical model
has sufficient continuity, and there is a strong duality between the equivalent
transformation optimization problem (3) and the Lagrange duality problem
(4). For any coefficient A > 0, V*(X\) = L*(\).

3) When the coefficient A = \*, and \* satisfies V*(\) = 0, the optimal solu-

tion of the original problem (2) is \* = %, the optimal channel access

method is N* = N*(a*,\*) and a* is the optimal coefficient solution of the
dual problem.
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We assume that the average delay constraint satisfies T3, > 7 + 74, based on
the optimal stopping theory and Lagrange duality method, the optimal stopping
method under delay constraint is analyzed as follows.

Theorem 1. The optimal method N* for distributed channel access has a pure
threshold structure. That is to say, after the user contends successfully, the win-
ner source will make the current optimal choice according to the real-time sensed
channel quality, access the channel or give up the opportunity. Specifically, when
the time delay constraint Ty, is less than the time delay limit T}, the winner
source will judge whether the channel achievable rate R, is higher than the fixed
threshold A\, at this time, if it is satisfied, access the channel and transmit at the
information rate R,,. Otherwise, the winner source give up the channel opportu-
nity and contend with other users again. Similarly, when the delay Ty is higher
than the delay limit T}, the winner will judge whether the channel reachable
rate R, is higher than the threshold \*, and then make a corresponding deci-
sion. Therefore, according to the relationship between delay constraints Ty, and
constraint limits T3, , the optimal channel access method N* for the optimization
problem with delay constraints can be divided into the following two structures:

1) when time constraints Ty, < Ty, the optimal access method N* satisfies

N* =min{n>1: Ry > A}, Ath:Fgl(lfL).
Tin — 74

2) when time constraints Ty, > T}, the optimal access method N* satisfies
N*=min{n>1: R, > X'}, \* satisfies E[(Rn - )\*)Jr] = X711 /74,
where T}, = #}(A) + 74.

Proof. To analyze the Lagrange duality problem, the cost coefficient A > 0 and
the Lagrange multiplier o > 0 are given, the optimal stopping method N*(«, \)
to reach L(a, \) is

N*(e, A) =min{n >1: R,7q > V*(a,\) + (A + a)7a}, (5)
where V*(a, \) satisfies the equation
E[max (R, — (A + @) = V*(a,\)/74,0)] = (A + )11 /74. (6)

Using the strong duality between the original problem and the dual problem,
the optimal solution N*()\) of the equivalent problem (3) and the optimal solu-
tion o* of the dual problem (4) satisfy Karush-Kuhn-Tucker(KKT) conditions
as follows:

a* - (E[Tn«n)] — Ttn) = 0,
= E(R — (A T
argNIga)u;O [Ryoyma — (A +a*)Tny], )

A=
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The following analyzes the Lagrange multiplier optimal solution o*, including
a* > 0 and o* = 0. Since the optimal solution o* exists for any cost coefficient
A, and there is a direct mapping relationship between the A and the revenue
function V*(a*, A), replacing A with A\* that satisfies the V*(a*,A) = 0 can
simplify the KKT condition, i.e. let a* = a*(\*).

For the first case, i.e. &* = 0, the Lagrangian function L(a*, A*) = 0 can be
expressed as

E[max (Rn —)\*,O)] = A1y /74 (8)

According to KKT condition and expression (5), the optimal stopping
method N*(\*) = N*(0, \*)

N*(0,\*) =min{n >1: R, > \"}, (9)

where \* satisfies Eq. (8), which is the expected value of maximum throughput
without delay constraints.
The time expectation of access method N*(0, A*) is

T1

E[TN* (07)\*)] = W

+ 7a < Tin.

For the second case, i.e. a* > 0, according to KKT condition (7),
E[TN-(x+)] = Ttn can be obtained. Since N*(A*) = N*(\*, a*), N*(\*, a*) satis-
fies the expression (5) of the access method, V*(\*, o*) satisfies the Eq. (6). The
access time expectation of the optimal stopping method N*(a*, \*) is

T1

E|(Tn=(x* a5)| =
[ N*(A e )] 1 —FR(()\* +a*) +V*(0¢*7)\*)/Td)

—+ Tq.

According to KKT condition, the following equation can be derived

T1
L= Fr((A* + a*) + V*(a*,\*) /7q)

== Tth — Td- (10)

In addition, V*(A*, a*) satisfies the equation
E[max (R,7q — (A" 4+ a*)1q — V*(a*,X),0)] = (\* +a)71. (11)

and
L(a*, ) =V*(\*,a") + o Ty, = 0. (12)

Based on the Eq. (10) and (12), it can be obtained

(N + ") — o’ Ty /7 = Fig! (1 - L) (13)
Tin — Ta

Combined with Egs. (11) and (12), it can be derived that

E[max (Ran — (N + a1y + o Ty, 0)] =\ "+a")7n. (14)



606 W. Sang et al.

Substituting Eq. (13) into Eq. (14), we can get

E[max (Rn o (1 - L),o)} = (A + )7/ (15)
Tin — 7a
Based on Egs. (13) and (15), we can find that the optimal solution « of Lagrange

dual problem satisfies

E[max (Rn —F1gl<l — L),())}Td/ﬁ

Tin — T4
— F};l (1 Tl

- = a7, > 0. 16
Tin _Td> o Ton/ 74 16)
It can be seen from the observation that the left function E[max(R, —
z, 0)]Td/7'1 — z of Eq.(16) is a monotonically decreasing function with « > 0.

According to Eq. (8), when Flgl(l — ) < AS, Le Ty, < #}(A) + 74,
0

Tin—7a
inequality (16) is valid and A} satisfies E[ max { R,, — A§,0}] = \j71/7a-
The corresponding optimal stopping method N*(a*, A*) at this time is

N* (@A) =min{n >1: R, > Ay}, (17)

where A\, :Fgl(l — )

Tin—7a

When Fg'(1— 720) > A5, ie. Ton 2> y—pryey + 7a, the inequality (16) is
invalid, which contradicts the precondition with a* > 0.

Combining the two cases of a* > 0 and o* = 0, the optimal stopping method
has two structures according to the different limits of the time constraint Typ:
when Ty, > #}(/\0) + 74, Lagrange optimal solution satisfies a* = 0, the
expression of access method N*(0, A*) is shown in (9), A* satisfies the Eq. (8).
when T} < #I(AS) + 74, the Lagrangian optimal solution satisfies a* > 0, and
the optimal method N*(a*, A*) is shown in Expression (17).

Theorem 1 shows that the optimal channel access method exhibits different
method structures according to different delay limits 775 . As the two methods
are threshold structures, and the thresholds A\;;, and A\* of the method can be
obtained by offline calculation, the optimal channel access method has good
engineering feasibility.

In summary, the throughput performance of the optimal access method pro-
posed in this paper is as follows:

1) when delay constraint T}, < Ty, the average throughput of the optimal access
method N* is:

E[Rn+74] _ Td
ETn-] T

)+ 21 ) Bmax(R,— Fr ' (1- ——),0)]

—1
Frl(1i—
R
Tin—Ta" T th Tin —7a’”’
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2) when delay constraint Ty, > T3, the average throughput A* of the optimal access
method N* satisfies
E[(Rn — X)T]) = N1 /74

5 Performance Evaluation

In this section, system performance for our proposed strategy is investigated
through computer simulations. We consider a wireless cooperative network with
5 source-destination pairs under the help of multiple relays, the channels from the
source to each relay station, from the relay to the destination all experience i.i.d
Rayleigh fading. In it, The channel contention parameters of the source are set as
follows, the contention probability p; = [0.2,0.25,0.3,0.35,0.4], i € {1,2,3,4,5},
the mini-slot duration § =20 us, RTS transmission and CTS transmission dura-
tion is Trrs = Tors =50 us, the average SNR of the relay channel for the first
hop and the second hop are O']2c and 03, respectively.

Based on AF relay forwarding mode, we first investigate the influence of
various average SNR configurations. As shown in Fig. 2, channel coherence time
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Fig. 2. Performance influence from SNR under AF mode
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74 = 2ms, the first-hop average SNR U]% is from 1dB to 10dB, and the second-
hop average SNR og = 0]%7 03 =2 JJ% and Ug =4 0]20, respectively. We can see
that the average throughput increases with the increase of the first-hop average
SNR cr]% in the horizontal view, and the average throughput is also improved
when the ratio 03 / U]% increases in the vertical view. Secondly, we studied the
influence of 7; on system throughput as shown in Fig. 3, we can see clearly that
the system throughput increases greatly with the increase of 7.
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Fig. 3. Performance influence from 74 under AF mode

Based on DF relay forwarding mode, we also studied the impact of different
SNR on the system throughput. In Fig. 4, we can see that the system throughput
increases with the increase of a]%. At the same time, with the increase of 74, the
system throughput also increases significantly.
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3.5

Average throughput

T¢

Fig. 4. Performance influence from 74 under DF mode

6 Conclusion

In this paper, the problem of multi-user channel access in a wireless ad-hoc coop-
erative network with multiple relaying and no direct link is studied, in which all
channels experience independent channel fading. Based on the modeling and
analysis of the optimal stopping theory, this paper proposes an optimal single
relay strategy with delay constraints, which makes full use of multi-relay coop-
erative diversity and dynamically determines the channel access time to improve
the system performance. The approximate expression of the maximum through-
put expectation of the policy system is given in this paper, and all thresholds
can be calculated off-line and easy implementation is available. Finally, the opti-
mality of the policy is strictly proved by calculation and simulation.
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