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Abstract. In this research, the problem of distributed opportunistic
channel access is investigated under single-bit channel state informa-
tion (CSI) feedback in ad hoc networks. In finding an optimal strategy
achieving the maximum average system throughput, the optimal stop-
ping approach is used, and an optimal strategy is proposed. In it, each
winner source decides when to take transmission opportunity based on
singe-bit feedback information. Moreover, an optimal quantization vector
is also derived for the strategy. Interestingly, it is pure-threshold based,
and the optimal quantization vector is fixed. All thresholds can be calcu-
lated off-line, and easy implementation is available. Through simulation,
the effectiveness and efficiency of the optimal strategy are also verified.
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1 Introduction

Recent years have witnessed rapid development of wireless network by catering
ever-increasing demands. As available spectrum is very limited, emerging inno-
vative techniques improving spectrum utilization receive research attention. In
them, the concept of opportunistic channel access is enlightened, designing the
link transmission and multiple user channel access in a joint manner. Based on
it, centralized opportunistic access has been fully investigated in [1,2]. In these
works, a central controller is deployed in the network, and by scheduling the
user of best channel condition to access the channel based on global channel
state, the multi-user diversity is harvested, which significantly enhances network
performance.

However, centralized scheduling does not work in a distributed network. The
use of the shared channel and distributed decisions on channel access rises up new
challenges due to coupling between wireless transmission adaptation and multi-
user collision. Due to independent design of physical and MAC layer strategy,
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the random and time-varying nature of channel access makes network perfor-
mance not preferable. Thus, distributed opportunistic channel access is not well
addressed.

As a seminal work in resolving the difficulty, authors in [3] proposes an
efficient channel scheduling strategy based on optimal stopping approach. The
strategy is pure-threshold, and can benefit from easy implementation. Extended
from it, work in [4] further investigates opportunistic scheduling under inter-
ference channels by allowing multiple users simultaneous access. Moreover, for
time sensitive service, distributed scheduling under time constraints is studied
in [5]. Optimal scheduling strategies are proposed maximizing average system
throughput, respectively.

All the above existing works are based on the assumption that in the wire-
less distributed network, a winner source has accurate channel state information
of the channel. However, in practical network environment, channel state infor-
mation relies on control channel, where limited feedback is only available. Such
quantized CSI is included in control packet from the winner destination, and the
winner source has to make its decision on channel access. Furthermore, under
limited feedback, the optimal quantization vector with respect to observed CSI
needs to design, determining the transmission rate for channel access. In finding
the optimal quantization vector for all sources and distributed channel access
strategy, the average system throughput is to be maximized.

For optimal design of channel access strategies, this research investigates
distributed opportunistic scheduling problem under single bit CSI feedback. In
terms of network statistics, homogeneous and heterogeneous wireless channels
are considered, respectively. In both cases, the quantized CSI thresholds of sin-
gle bit feedback are derived for all sources, and can be calculated off-line. Inter-
estingly, based on optimal stopping approach, the optimal strategy is in pure-
threshold structure, and maximizes the average system throughput.

The rest of the paper is organized as follows. System model under limited
feedback mechanism is described in Sect.2. The optimal opportunistic channel
access strategy is proposed and its optimality is proved in Sect.3. Simulation
analysis is then carried out to validate effectiveness in Sect. 4. Finally, the con-
clusion is presented in Sect. 5.

2 System Model

Consider K source-to-destination pairs in a single-hop ad hoc network. The
transmission power of each source is Ps. The wireless channel follows the Rayleigh
fading model. The channel gain from the ith source to its destination is denoted
by h;,i = 1,2, ..., K, which follows a Complex Gaussian distribution with zero
mean and variance o?Z.

The channel access is operated in a distributed manner. Each source inde-
pendently contends for transmission opportunities by sending a request-to-send
(RTS) packet at the beginning of a time slot with duration ¢. The probability
of each source sending RTS is pg, and there are three possible results, which
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are idle, collision and success. The probability at which the channel is idle is
(1 —po)¥, i.e., there is no source contending the channel in the time slot. The
probability of channel collision is 1 — (1 — po)® — Kpo(1 — po)® 1. It happens
when two or more sources contend the channel simultaneously. The probability
of successful channel access is Kpo(1 — po)®~! when there is only one source
transmitting RTS referred as winner source. When channel is idle or in collision,
sources will continue to contend in the next time slot.

In the case of success, upon reception of the RTS, the winner destination, e.g.
Destination 7 obtains instantaneous CSI from Source i. As only a single-bit CSI
information is feedback, the destination compares the observed SNR with its
local quantization vector, and feedbacks a CTS to the source. In it, a quantized
value of instantaneous SNR, denoted as w; ; is included. By receiving the CTS,
Source i decides to stop (i.e. transmit its data for duration 74) or to continue
(i.e. give up its transmission opportunity and re-contend with other sources)

(Fig. 1).
Fig. 1. Network model
time slot
¥
idle | idle | idle | collision | idle | idle w'in ahd win data transfer
give up

Fig. 2. An example of distributed channel access by multiple sources

An example of distributed channel access in the ad hoc network is shown in
Fig.2. In it, all sources are silent in the first three time slots. Then more than
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two sources contend the channel, resulting in a collision. After two idle slots,
a winner appears, and obtains CSI. Due to bad channel condition, the winner
gives up this opportunity and re-starts channel probing in the next slot. Then
another winner appears in the new round. After exchange of RTS and CTS, the
winner source transmits data to its destination. By doing it, a successful channel
access is finished.

Different from existing works with perfect CSI feedback, influence from single-
bit feedback mechanism is investigated, and this mechanism makes distributed
opportunistic channel access practical. In particular, each winner destination
feedbacks a CTS after channel estimation providing tailored information to its
source. In the CTS, channel conditions such as channel state, received power
and interference level are included, enabling the source to carry out adaptive
transmission.

Furthermore, complete channel gain information is known at each destina-
tion, limited information is included in the CTS and sent to the source, based
on observed SNR. Limited by bit number [logeB], the information available
at each source is the quantized counterpart of instantaneous SNR. For Source
i=1,2,..., K, the quantization vector is denoted as

w; = [wi0,wi1, -, wiB-1]. S

The vector w; is shared by source-to-destination pair i. Using the vector, when
instantaneous SNR h; satisfies w; ; < Psh; < w; j41, w;,; represents the maxi-
mum achievable SNR by accessing the channel. Without loss of generalization,
w;o = 0 and an increasing order w; ¢ < w;1 < ... < w; p—1 are considered
(Fig. 3).

00 01 10 11

>
>

Do D D2 D3 Ph.(n)

Fig. 3. Example of 2-bits CSI feedback.

3 Optimal Stopping Strategy with Limited Feedback

3.1 Problem Formulation

While quantization vectors {w; },=1 2, . i are fixed, we focus on optimal strategy
design for the distributed opportunistic channel access, maximizing the average
system throughput.

Define an observation as the process of channel contention among all sources
until a winner source appears. As sources contend the channel independently, the
number of contentions in an observation is a random variable of geometrically
distribution with parameter Kpg(1 — po)®~!. Among all contentions, the last
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contention is successful with duration 7rrs+7crs. Trrs and Torg are durations
of an RTS and CTS, respectively. An idle slot is with duration §, and a collision

is with duration 7prg. The mean of the duration of an observation is given as

_ 1—p)* 1-(1=po) ¥ = Kpo(1—po) "
To = Trrs + Tors + Kp[E(l_;z)K—l -4 1= Kol))o(l_poo)(K—l(]) " TRTS-

In the nth observation, let s(n) denote the successful source, hs(n) and R,
represent the corresponding channel gain and maximal achievable rate, respec-
tively. Due to the block-fading channel feature in wireless environment, R, is
random, and can be calculated as R, = logy(1 + Pshs(n)). Since the limited
feedback, the winner source only obtains the quantified SNR as

K
u(n) = Zl[s(n) =] - loga(1 + w; ),

Wi = l:O,rl??t},(Bflj[Wi’l < Pihs(n) < wigg1] - wig. (2)
It can be observed that based on quantization vector w, the maximal SNR
feedback in the CTS from Destination s(n) to its source will not supersede the
instantaneous channel capacity, i.e. u(n) < R,,.
For opportunistic channel access, after observation n, the winner source
obtains the rate u(n) and has to make two choices:

— If the channel condition is good, the winner source will stop the observation
and transmit data by rate u(n).

— Otherwise, when the channel condition is poor, the winner source will give
up transmission opportunity and start a new observation. At the next slot,
all sources re-contend the channel.

Based on the optimal stopping theory, this problem can be transformed into
a maximum return problem. For the nth observation, the reward Y,, denotes the
total traffic volume to be transferred by the winner source, and the cost T;, is
the total waiting time for a successful channel access. In particular, when the
winner source stops at Nth observation, i.e., stops the observation and transmits
data by rate u(n), the instantaneous system throughput is % The strategy N
is also referred as stopping time. Following the strategy N for multiple trails of
successful data transmission, the average system throughput E[Yn)

E[TN]
In particular, Egﬁ } reflects the trade-off between larger transmitted traffic and

the time cost.

In the following, we focus on finding an optimal channel access strategy,
including an optimal stopping time and quantization vector, to maximize the
average system throughput supy,-q{sup N>O%}' Here E[] means expectation.

is obtained.

According to the optimal stopping theory [6], the problem of maximizing the
average system throughput can be transformed into an equivalent form with its
reward being {Yy — ATx} and time price A. To derive optimal strategy N* given
a fixed quantization vector w, we first need to solve the following problem by
maximizing the expected reward

V(A (w)) = sup {E[Yn] — X" (W)E[Tn]}, 3)
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where \*(w) satisfies V*(\*(w)) = 0. A*(w) is actually the maximal expected
system throughput under a given vector w.

Specifically, for nth observation, the reward Y, and the cost time 7T, are
calculated as Y,, = yu(n) and T,, = Zln:l t; + 74, respectively. Therefore, the
expression (3) is represented as

N
V(AN (w)) = Jsvup {E[rqu(N)] = X*(w) - E[7q + Z t]}, (4)
>0
1=1
where t; denotes the duration spent in the [th observation.
For a given quantization vector w, the following theorem presents the optimal
stopping strategy N*(w) achieving the maximum expected reward V* ()\* (w))

Theorem 1. The optimal stopping rule N*(w) mazimizing system throughput
supN>O% exists and is given by N*(w) = min{n > 1: u(n) > X\*(w)}. The
threshold \*(w) is the unique solution such that Elmax{u(n) — \,0}] = AT—ZO

Proof. The proof is similar to that in [3].

While the maximal average system throughput A* satisfies the optimal equa-
tion in Theorem 1, by the monotonicity of both sides, the problem of maximizing
the system throughput transfers to finding an optimal vector w* to achieve sys-
tem throughput sup, - A*(w).

In the following, we consider the problem where only 1-bit CSI feedback is
available, and the problem under multiple bits feedback can be analyzed simi-
larly. Moreover, for wireless channel environments, cases with homogeneous links
and heterogeneous channels are investigated, respectively.

3.2 The Case Under Homogeneous Channels

We consider the homogeneous case where all channels between source-to-
destination pairs have the same channel statistics. For all pairs, the quantization
vector is the same with w = [0, w1]. It thus suffices to find the optimal value
w1 to maximize throughput A*. The optimal strategy is derived in the following
theorem.

Theorem 2. Under homogeneous channels, the optimal channel access strategy
with 1-bit feedback is N* = min{n > 1 : Pshs(n) > wi}. The threshold wy
satisfies the equation

log,e To i To i
——(1+ —ePso?) — logy(1 4+ wi)ePse® =0
(1+WT)( T4 ) TdP50'2 g2( 1) ’
and can be calculated off-line. The optimal average throughput is A\ =
log, (1+wy)
wf .

1+:—26PS‘7
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Proof. For distributed channel access, in the nth observation, Destination s(n)
has two decisions:

— when the instantaneous SNR is less than threshold wf, i.e., Pshs(n) < wi,
the feedback bit symbol is 0, meaning that the practical rate is 0.
— when Pshg(n) > wi, the feedback bit symbol is 1

After receiving the symbol, Source s(n) will compare the practical rate log, (1 +
wy) with A*; and decide whether to stop or not.

From the result of Theorem 1, threshold A* is the unique solution of equa-
tion E[max{u(n) — A,0}] = >‘T° . Moreover, the problem of finding wj such that
sup,,, »oA*(w1) is equivalent to solve the solution such that

)\7'0

E[max{u,(w1) — A\, 0}] = (5)

Td

By observing that the left side (LHS) of Eq. (5) is a monotonically increasing
function, we focus on finding optimal value w;.
The LHS of Eq. (5) can be calculated as follows:

E[Z I[s(n) = 4] - max{u;(n) — A,0}] = 174 ZIE max{u;(n) — X,0}].  (6)

As link ¢ = 1,2,..., K has channel gains Psh;(n) following exponential dis-

tribution with probability density function 1 € TEa? , expression (6) can be
further calculated as

+oo -
LHS = (logy(1 + w1) —)\)/ P026_Pa7dx -

= (logy(1 +wy) — N)e Poo?.

Based on it, Eq. (5) is simplified into

@1 AT

(logy(14wy) —A) e Poo? = (8)

Td ’
A closed form expression of solution A\* is derived with respect to wy below:

N () = 1082l @) (9)

1+ ZePso?
We then analyze the relationship between throughput function A(w;) and
threshold wy. The first derivative of the throughput A(w;) can be expressed as

w1

1 e T “’71
d)\*(wl) — (10-5321) (1 + ﬁePsaz) - TdP 0210g2(1 +w1)€Psn‘

dw T0 , Pao? )2
1 (1+T3€P- 2)

(10)
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Valuing %(‘fl) = 0, the optimal wj satisfies the following equation

log,e To i wi
7(1+w*)(1+ T—dePsaz) - TdP log2(1—|—w1)el’w =0. (11)
1

And the second derivative of A(wy) at w; = w satisfies the inequality that

1 i @i
Pr|  wER0 B e e

w

dw? . 1
1 w1 =wj (1+ me&ﬁo’)Q
Td

(12)
Based on inequality (12), we conclude A\*(w) is concave and w; is optimal
value satisfying Eq. (12).
Moreover, we prove the uniqueness of wi. By dividing e Par? , Eq. (11) can be
transformed into a form that

log,e , 1 To
ﬁ(e Pso? + ?d) = 4 P 10g2(1 +w1) (13)

As the left side is monotonically decreasing and the right side is monotonically
increasing, the point wj is unique and maximizes A*(w1) at w1 = w7.

Based on the result of Theorem 2, threshold wi can be calculated off-line. By
following the optimal channel access strategy N*, the transmission rate log,(1+
wj) is always greater than threshold A*, which makes opportunistic channel
access efficient. In particular, after nth channel contention, when the winner
Source s(n) has channel condition Pshs(n) better than threshold wy, symbol 1
is notified from the destination to allow the channel access. Then, the winner
source transmits data by rate log,(1 + wj). Otherwise, when channel gain is
worse than the threshold, symbol 0 is notified, and the winner source actively
drops the transmission opportunity and re-contends with other sources in the
next slot. In this case, it is found that different from perfect CSI feedback, the
optimal decision on when to transmit depends on threshold A\*.

3.3 The Case Under Heterogeneous Channels

In most wireless networking environment, different links may have different
channel characteristics. We consider the heterogeneous case where all channels
between source-to-destination pairs have different channel statistics. For pair
i=1,2,..., K, channel gain h; follows exponential distribution with expectation
o2,

In this case, each pair has its quantization vector w; = [0, w; 1], = 1,2, ..., K.
Based on the result in Theorem 1, for given vectors w;,7 = 1,2, ..., K, the system
throughput \* ((wl, vy WK)) is calculated as

“wi,1

K _
+ > logy(1+win)e Pso?
A (Wi, oy W) = — = . (14)

“’i,l

1 E T Pso? To
Td
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We then focus on maximizing average throughput A\*((wy, ..., Wx)) in expres-
sion (14).

We define the optimal quantization thresholds as {w/; }i=12,... k-

The first-order derivative function can be calculated as

[ ox*  oX* oN* ] B
8&)1,1 ’ 8&)271 ’ ’ (9wa1
Wil wi1
logye 70 ,, Pso2 Pso2
14wia (1+Td€ 0 - TPO' 10g2(1+w’ e’
o (15)
T0 Psa? 2 i=1,2,--- K
(14 Zpe™7)
By valuing the derivative as 0, we obtain the stationary point as (wj 1, ,wi )
where w;; satisfies that
log,e To ki Rac it
1+ —e™7) = —logy(1 +wip)e ™7 =0. (16)
1+ wi.1 Td TdPS
The point (w1, ,wk ;) exists uniquely.
. . . . 2
Moreover, we derive second-order derivative matrix J = [L] . as
) Ow; 10w;j 11i,5
9\~ %\~ Y
8w';’,1 awlgawzyl 3(4}1118:4)1()1
J = . (17)
PN PN oA\
8wK116w1,1 8&}1(’28&)2,1 aw%cK

By analysis, since each first-order partial derivative depends on variable w; 1
only, the second-order derivative elements have the following characteristics.
When i = j, the matrix element has the form that

i1 Wiy
82)\* Uﬁﬁ(l + %e Psa?) — Td;i%o_zllogz(l + wzl)ePsa?
Wl|(wll" ’wK 1) - Y wf,1 L <0
i, (1 + %epsaf )2
(18)

When i # j, aw82)\*

10w; 1 ‘(wl RS wK 1) =0.
Combining the results together the second derivative matrix J is diagonal
matrix as follows

92\ 0 0
a"”f,l (“-’T,v'""‘-’;(@) )
0 97N e 0
_ w2 | l(wi - wh 1)
i e wie) = i sien)
2y *
0 0 L. 97 i 3
8“’%{,1 (‘*’1,1ﬁ""‘*’K,1)
(19)
Since all diagonal elements are negative, the second derivative matrix is neg-
ative definite. The function A\*(w) is thus concave, and points (w1, ,wj ;)

are optimal. Based on the result, the following theorem is obtained, presenting
the optimal channel access strategy.
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Theorem 3. Under heterogeneous case, the optimal strategy achieving the maz-
imal throughput \* is N* = min{n > 1: Phs(n) > W(py,10 and u(n) > A*}, and
for pair i =1,2,..., K thresholds w; are fized such that

logse 0 % %
—=(1 efsoi) — 5log, (1 Psei = 0.
1_'_&);1( + = Td ) TdPs ga(1+wip)e

Moreover, the optimal throughput \* satisfies

*
“i1
2
i

K __—nl
® 2 logy(1 +wiy)e ™
=1

A=

>
‘*’7:,1

12: Pgs T
a
J0

In accordance with Theorem 3, the proposed optimal stopping strategy N*
is in a bi-thresholds based structure. For each pair, thresholds w;; and A\* can
be calculated off-line. Threshold w; ; is local value for each source-to-destination
pair, A* is global. All these thresholds can be calculated off-line, which much
benefits the strategy implementation.

Following the optimal strategy, channel access by multiple source-to-
destination pairs are operated as follows:

After nth successful channel contention, a winner source s(n) appears, and
sends a RTS to its destination. Then, the destination estimates the CSI and
compares it with its local threshold W:(n),r Then, if Pshg(n) > ws(n) 1» it inserts
symbol 1 in the CTS; otherwise, it inserts symbol 0. Subsequently, the CTS is
feedback to the winner source. After receiving CTS, the winner source will make
a decision.

— If the feedback in CTS is 1, a winner Destination s(n) compares the practical
rate u(n) = logy(1 4wy, ;) with the throughput threshold A*. If u(n) = A",
it lets Source s(n) access the channel by rate u(n).

— otherwise, it will give up this transmission opportunity, and let all sources
re-contend the channel.

Upon a successful transmission, one transmission round is finished and all sources
contend the channel in the next slot.

Under the heterogeneous case, all links share the same threshold A*. Dif-
ferent from the homogeneous case, the quantization rate is different for each
pair. Moreover, due to statistical variety of the wireless channels, probability of
channel access by each pair is different. In particular, if a pair has a poor chan-
nel condition, it may never access the channel, while others in better channel
conditions could obtain more opportunities for channel access.

4 Performance Evaluation

This section carries out numerical simulation to validate theoretic results. Con-
sider 5 source-to-destination pairs in the wireless network, and channels from
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sources to destinations experience i.i.d. Rayleigh fading. Channel contention
parameters of sources are set as pg = 0.3, § = 25 us, Trrs = Tors = 50 us.

45
A
4+ - 4
-
-
~
- -1 1
351 T -
K "
5 P e - -
2 3r A7 =F= A
S e =1 - -
[<)] P P _ -
8 Ve - _ -
= ¥* P e _ -
S 25f / ~ = :
) / - -
> I w” -~ A
@ . P
-
g of e :
<C /7 A~ ~ — — —homo,analytical, 7,=10ms
// // // A homo,sim, 7,=10ms
157 // // 4 — — —homo,analytical, =20ms ||
/
%// // o homo,sim, 7,=20ms
1 o // — — —homo,analytical, 7;=40ms |
X *  homo,sim, 7,=40ms
05 . . . . . . . . .
0 2 4 6 8 10 12 14 16 18 20
o2
h

Fig. 4. Performance analysis under homogeneous channels

First, we consider a homogeneous wireless network where average SNR of all
channels is ai. When data transmission time 74 varies from 10ms to 40 ms, the
average system throughput is analyzed. In Fig. 4, for a fixed 74, the statistical
average result shown as ‘analytical’ and the time average result shown as ‘sim’
are compared. For each value of 74, throughput curves match well, verifying the
theoretic analysis. Moreover, the relation between average system throughput
and quantized threshold is analyzed, as shown in Fig. 5. The two curves represent
system throughput when o7 is 10 and 20, respectively.

Secondly, we consider a heterogeneous wireless network where average SNR, of
all channels may be different. The channel average SNR parameter of all source-
to-destinations are (0.50,2”0.80,2170%,20,2”2.50%)7 respectively. As transmission
time 74 are 10ms, 20ms and 40 ms, the average system throughput curves are
simulated when o3 varies from 1 to 10. In Fig.6, the statistical average result
shown as ‘analytical’ and the time average result shown as ‘sim’ match well with
each other.
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Fig. 5. Influence from quantized threshold
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Fig. 6. Performance analysis of heterogeneous channels
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5 Conclusion

In practical wireless networks, the channel state information can only be obtained
through limited feedback. This research investigates the optimal distributed
opportunistic channel access under single-bit CSI feedback. The channel homo-
geneity and heterogeneity are also studied, and optimal opportunistic channel
access strategies are proposed with the optimality rigorously proved. For network
implementation, the strategies’ structure are analyzed and easy network opera-
tion is available. This research should open the potential direction for distributed
networking approach under limited CSI.
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