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Abstract—Two correlated sources are transmitted over a
block Rayleigh fading multiple access channel (MAC), where
information recovery from only one of the sources is aimed
at, and the other is used as a helper which helps recover the
source sequences at the destination. In this article, the suc-
cessful transmission is defined as in the case the transmis-
sion rates satisfy the intersection of both the MAC region
and the Slepian-Wolf (SW) region with a helper, referred to
as h-SW region, even though it is a sufficient condition. Then,
the outage is defined as the average probability that the two
regions do not have an intersection. The explicit expressions
of the outage probability of the system are derived, in the form
of multiple integrals with respect to the probability density
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function of instantaneous signal-to-noise ratios of each link. To have an in-depth insight regarding the contributions
of some special cases to the successful transmission probability, the occurrence probabilities of these cases are also
evaluated. The results indicate that outage probabilities decrease as the correlation between the source and helper
information increases. The impacts of geometric gains of each link and the correlation of each link’s fading variation are
also considered. The most significant finding of this article is that h-SW over a MAC improves the throughput efficiency
compared to the orthogonal transmission both in independent and correlated block Rayleigh fading channels without

sacrificing the outage probability.

Index Terms— Helper, multiple access channel, outage probability, Slepian-Wolf theorem.

|. INTRODUCTION

N WIRELESS sensor networks (WSNs), as exemplified in
the figure in Abstract, multiple sensors track the states of
targets, of which topics are, in general, categorized in statis-
tical signal processing [1]. They then transmit the gathered
correlated data to the fusion center, of which topics belong
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to network information theory. The issues of the location
identification and tracking of the targets in WSNs have been
investigated, e.g. [2], [3]. In this article, we investigate the
outage probability of transmissions in the category of network
information theory. The links between the sensors and the
fusion center suffer from fading, occurring in the wireless
propagation process. Since the information sequences obtained
by the sensors are correlated, where the transmission rates for
lossless recovery should satisfy the Slepian-Wolf (SW) region,
they can help each other to retrieve the original information
via joint decoding. Multiple access channel (MAC) is known
to increase the up-link transmission efficiency, and especially,
when used in WSN, it can significantly improve the throughput
and reduce latency. In MAC systems, information sequences
collected by the sensors are transmitted to the destination
simultaneously. However, there arises a problem that if the
information sequences are correlated, as in WSN, the SW
and MAC regions, referred to as SW-MAC regions, have to
intersect for the successful transmission. Even though having
an intersection is a sufficient condition [4], it has been widely
used in [5], [6] when analyzing the probability of successful
transmissions. Reference [5] analyzes the outage probability of

For more information, see https://creativecommons.org/licenses/by/4.0/
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a two-correlated-source transmission system over independent
block Rayleigh fading channels where both the two sources
are aimed to be recovered. In [6], the author studies a
two-hop multiple access relay cooperative communication sys-
tem, where the admissible rate region of two correlated MAC
sources with an exclusive-or (XOR) helper is investigated over
independent and correlated block Rayleigh fading channels.
Reference [5], [6] have motivated us to investigate the case
where only one-hop MAC with one source to be detected and
the other to work as a helper. The SW region with a helper,
referred to as h-SW region, is determined by the source and
helper entropy, which is fixed. On the contrary, MAC region
is determined by the channel capacities, which vary according
to the fading variations. Block Rayleigh fading is assumed in
this article where the instantaneous signal-to-noise ratio (SNR)
of each link does not change during one block, but changes
block-by-block.

The main contributions of this article are summarized as
follows:

1. The outage probability expression of one source with one
helper over a fading MAC is derived in an explicit form. For
the ease of the calculations, we use the approximated h-SW
region which is known to be yet very accurate [7].

2. The mathematically derived outage probability is verified
to be consistent to that obtained through the Monte-Carlo
technique.

3. We investigate the outage probabilities over block inde-
pendent fading channels with the information correlation
between the source and the helper. The geometric gains of
each link are also taken into account. It is shown that the
274 order diversity can be achieved with large information
correlation. Also, lower outage probability can be achieved in
the case the geometric gain of the source link is larger than
that of the helper link.

4. The occurrence probabilities of three cases are calculated
in order to evaluate how significant contributions those cases
make to the successful transmission.

5. We make a comparison of the outage probabilities of
orthogonal and MAC transmission systems with one source
and one helper over correlated block Rayleigh fading channels.

This article is organized as follows. The system model
of one source with one helper transmitting over a block
Rayleigh fading MAC, investigated in this article, is provided
in Section II. In Section III, we first investigate the scenarios
that outage happens, of which the average outage probability
is derived in an explicit form. Three successful cases (i)-(iii)
are considered, and their average occurrence probabilities are
derived also in the explicit forms. In Section IV, the per-
formance curves are presented with the geometric gains of
each link and the information correlation as parameters.
In Section V, the mathematical expressions of the outage
probability are further modified to include the correlation of
the fading variations of the two links. Finally, Section VI
concludes this article with some technical remarks.

Il. SYSTEM MODEL

Two correlated sources represented as u; and up are
encoded independently, and jointly decoded at the destination,
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Fig. 1. Encoder and joint decoder of one correlated source with one

helper.

as shown in Fig. 1. The sources are binary, and uniformly
distributed. Hence, Pr{iu = 0} = Pr{u = 1} = 0.5, and
the entropy of the source is H(u1) = H(uz) = 1, where
H(p) = —plog,(p)—(1—p)log,(1— p) is the binary entropy
function.

In this article, only source u; is aimed to be recovered, and
uy serves as a helper. The sources u#1 and u; are correlated,
which are represented by the bit-flipping model, as

ur=u Pe, (1
with
with probability P,

. » )
with probability 1 — P,.

The probability that bit-flipping happens is P, € [0,0.5],
where P, = 0 and P, = 0.5 correspond to the correlation
being unity and zero, respectively [9].

Transmission links from the source and from the helper
to the destination suffer from block Rayleigh fading. The
received sequences can be expressed as

yi =+ Pihju; +n;, (3)

where i = {1, 2} denotes specifically the source-destination
and the helper-destination links, respectively. P; represents
the geometric gain, corresponding to the locations of sensors
and the destination [8]. #; represents the channel gain, which
can be described as a complex Gaussian variable with CN ~
(0, 1), n; is a complex additive white Gaussian noise (AWGN)
with CN ~ (0, 1). Since the two-dimensional noise variance is
normalized to unity, the average SNR is expressed as ['; = P;,
and the instantaneous SNR is given by y; = P; - |h;|%. For the
simplicity, we ignore shadow fading here.

[1l. OUTAGE PROBABILITIES
A. SW and H-SW Rate Regions

Let the rates of the sources u; and up be R; and Ry,
respectively. According to Shannon’s theorem, if the rate is
larger than the entropy of the source, the source can be
recovered with an arbitrarily small probability of error, when
the length of block code n — oo [10], as

[&szm

Ry > H (u3), @

where u1 and u; are independent sources. If the two sources
are correlated, we can further compress the rates. According
to SW theorem, u; can provide correlated information to help
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Fig. 2. Admissible rate region of two sources uq and u», where the

black and red solid lines indicate the independent and correlated cases,
respectively [11].

recover uj, and hence R; only needs to be no less than the
conditional entropy H (ui|uz). Similarly, Ry > H (uz|uy).
Moreover, if we consider two links as a whole, the sum rates
have to be no less than the joint entropy of two sources
for recovering both of them. R; and R should satisfy the
admissible SW rate region [12], shown in Fig. 2. It can be
mathematically expressed as

Ri > H (uy|uz),
Ry > H (uz|uy), (5)
Ri+ Ry > H (uy,u2),

where H (ujluz) = H (uzluy) = H (P,), and H (uy,us) =
H(uz) + H (uiluz) = H(ui) + H (uzluy) = 1+ H(P,)
with bit-flipping model. Conversely, the correlation between u|
and u» can be exploited to increase the information recovery
probability.

However, since u» is utilized as a helper, the admissible rate
should satisfy the following expressions [13]

H (uluz), for Ry > H(u2),
Ri1>1 H(ui,uz)— Ry, for H(uz|lu1) <Ry <H(uz), (6)
H(up), for 0 < Ry < H(uzluy),

which is an approximated, yet accurate, expression. The
admissible rate region of h-SW is shown in Fig. 3.

B. MAC Rate Region and Source-Channel Separation
According to Shannon’s lossless source-channel separation

theorem [14], the transmission rate for point-to-point commu-

nications over discrete memoryless channels is given by

Hu)Re < C(7), )

where R, indicates the normalized spectrum efficiency includ-
ing the channel coding rate and the modulation multiplicity.
Throughout this article, R, = 0.5 is assumed without loss of
generality. C (y) = log, (1 + y) denotes the channel capacity
with the instantaneous SNR y. The source index i is ignored
in Eq. 7 for the simplicity.

In the same way as in [5], the separation theorem can
be further extended to the h-SW and MAC case, as: if the
h-SW and MAC regions have an intersection, source-channel

Fig. 3. Approximated admissible rate region of uq, while us is utilized
as a helper [13].
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Fig. 4. Achievable rate region of MAC.

separation holds. However, as stated before, this is a sufficient
condition. The achievable MAC rate region is then shown
in Fig. 4. The mathematical expressions of the MAC region
with the assumption that the separation holds is given by [7]

RoR. < C(y2), (8)
RiR.+ R2R: <C (y1+72).

C. Expressions of Outage Probability

To achieve successful transmission of one source with one
helper, the sufficient condition requires the MAC and h-SW
regions to intersect. In the latter part of this article, this system
is referred to as h-SW-MAC system to save the space. Con-
versely, if the intersection does not happen, as shown in Fig. 5
and Fig. 6, outage happens. Hence, the outage probability can
then be calculated by

Pout = Pout,l + Pout,2~ (9)
In Fig. 5, since RLCC (y1) < H (u1 | u2), the MAC and h-SW

regions do not intersect. Thus, we have

1
Pous,1 = Pr [R—C()’l) < H (uy | uz)]
C

O[H (uyluz)] p®@(+00)
=/ / P (y1) p (y2)dy2dy
®(0) ®(0)
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Fig. 5. Scenario 1 yielding Pou, - Fig. 7. Admissible h-SW-MAC region of Case (i).
R, ¢ r 1
2 S exp|—— (2Rc - 1)
r -1 I
H ’
(uq,uz) . - exp 1 [ ReH(P)+Re 2&]
R_C(Vl + VZ) \:\ I
C \\\ F2 1
N RcH(Pe)
+ exp|—— [2 - 1”
h-SW -1 p[ I
| / - exp [_FL [2RCH(PE)+RC _ 2RCH(P6)” . (11
MAC | A [ 2
| Vs The successful transmission probability is given by P, =
; H - 1- Pout'
H(uq|uy) <« i, H(uy) Ry The function ¢ (-) represents the instantaneous SNR required
v to transmit rate R sequence with a Gaussian code book, i.e.
1
7 C0r) y =¢(R)=2"F—1. (12)
c
. ‘ o p (yi) is the probability density function of instantaneous
Fig. 6. Scenario 2 yielding Pou,2- SNR over Rayleigh fading channels, expressed as [15]
Vi
WReH(PO)_| oo p (i) = T, oxP (_F_) (13)
L L
= /0 /0 p (1) p (y2) dyadyy
L 1o RoH(P) D. Three Cases of Successful Transmissions
—1—exp ——[2v v—1] . (10) . - L
I To have an in-depth insight of the contributions to the

In Fig. 6, with H (u1|uz) < RLCC(yl) < H (u1), the MAC
and h-SW regions do not intersect when R%C (y1+y92) <
H (u1, uz). Thus, we have

1
H (u1luz) < R—C(Vl) < H (u1);
Pout,ZZPr ¢

—C(y1+y2) < H(u1,uz)
R

D[H (u1)] DO[H (uy,u2)]—71
=/ / P (y1) p (y2) dya2dy,
D[H (uy|uz)] / ®(0)

2Re_| R [1+H(Pe)]
- /ZRCH(PE)—I /0
1 1
— —— |pRcHPe) _ 1] _ o (2Rc _ 1)
exXp [ F] [ eXp F]

o S
P (y1) p (y2)dyady;

average successful probability P;,, three cases (i) - (iii) defined
in the Introduction section are investigated in this subsection.

Case (i):

The admissible rate region in Case (i) is shown in Fig. 7,
which corresponds to the situation where H (uiluz) <
R%C(yl) < H (u1) and H (u1,u2) < lCC(yl + y2). When
y1 < 72, Case (i) happens most likely. The average occurrence
probability of the case can be derived mathematically in an
explicit form, as

1
H (u1]uz) < R—C(yl) < H (u1);
C

Pincase(i) = Pr 1
H (u1,u2) < -C (y1 +72)
C

O[H (u1)] +00
=/ / p (1) p(y2)dy2dy:
O[H (uy|uz)] J O[H (uy,u2)]-y1
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H(uzluy)

Fi

g. 8. Admissible h-SW-MAC region of Case (ii).

2Re 1 +00
/ / p () p(y2)dy2dy:
2RcH(Pe) _1 2RCU+H(P6)1717};1

T 1
= 2 exp | —— (ZR" - 1)
I'—1I> I
_L |:2RCH(PE)+RC _ 2Rc]]
I

r 1
~ 2 exple— [ZRCH(PE) _ 1]
-1, I

_i [2R‘:H(Pe)+Rc _ 2RcH(Pe)]] . (14

I
It is expected that in this case the helpers most likely have the
contribution to the source.

Case (ii):

The admissible rate region in Case (ii) is shown in Fig. §,
which corresponds to the situation where H (u1) < R%C (r1)
and H (uz | uy) < R%C (y2). The average occurrence proba-
bility of the case can be derived mathematically in an explicit
form, as

- exp

- exp

Pin,case(ii)

=Pr [H(ul) < LC(yl); H (uz | uy) < RLC(yz)]

/ / P (y1) p (y2) dy2dy
[H(ul)] O[H (uz|uy)]

/ / P (71) p (y2) dya2dy
2Rc _1 JoRcH(Pe) 1

1 1
= exp I_F_z [chH(Pe) _ 1]] -exp |:_r_1 (2Rc _ 1):| .

15)

It is expected that the contributions of both the source and the
helper to P;, are large in this case.

Case (iii):

The admissible rate region in Case (iii) is shown in Fig. 9,
which corresponds to the situation where H (#1) < iC (y1)
and 1 C(y2) < H(ua|uy). When y;1 > ya, Case (iii)
happens most likely. The average occurrence probability of

RZ ry
Hl(uzlul) ___________
—C(y2) m
RC
R
H(u) 1 Ry
\ R_C(Y:l)
Y1 ¢
C(1+Y2)

Fig. 9. Admissible h-SW-MAC region of Case (jii).

the case can be derived mathematically in an explicit form, as
Pin,case(iii)
1 1
= PTIH(Ml) < g €O Cl) < Hu| ul)]
C C

[H (uz|u)]

/H(ul) [D(O)
oRcH(Pe) _1
s

P (y1) p (y2) dya2dy:
= —exp |:—F—1 (ZR‘f — l)i|

: [exp [_r% (2RcH<Pf) - 1)} - 1] .

It is expected that even though the average occurrence
probability is very small, however, still the contribution of
the helper to P;, does not vanish in this case.

p (y1) p (y2) dy2dy:

(16)

IV. NUMERICAL RESULTS
A. Outage Probabilities

Fig. 10 shows the outage probability obtained from explicit
expressions shown in subsection III-C and through the
Monte-Carlo technique [16]. It is found that the theoretical
and Monte-Carlo results are exactly matched.

Fig. 11 compares outage probabilities of SW-MAC and
h-SW-MAC with symmetric geometric gains. It is found that
outage probabilities of h-SW-MAC is smaller than that of
SW-MAC. For example, about 2 dB average SNR reduction
can be achieved with the outage probability being 10~>. This
is because the admissible rate region is increased with a
helper. Also, the joint decoders for both the h-SW-MAC and
SW-MAC aim to exploit the correlation between u; and u»,
resulting in the 2"¢ order diversity. The 2"¢ order diversity
can be more clearly seen in low average SNR value range and
high correlation cases (small P,). However, the diversity order
converges into one when the average SNR value becomes
large. This is because the correlation is not exactly one

(P, #0).
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Fig. 10. Comparison of the outage probabilities calculated from explicit
expressions and the Monte-Carlo technique.
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Fig. 11. Comparison of outage probabilities of SW-MAC and h-SW-MAC,
where the symmetric geometric gain is assumed.

Fig. 12 and Fig. 13 indicate the outage probability with
asymmetric geometric gains, given by

Py = Ps+a, a7

in dB, where Ps and Pp represent the geometric gains of the
source and the helper links, respectively. The factor a is set
at —5dB and 5dB in Fig. 12 and Fig. 13, respectively. The
results indicate that lower outage probability can be achieved
when the geometric gain of the source link is larger than that
of the helper link.

B. Average Occurrence Probabilities of Three Cases

Fig. 14 shows the occurrence probability of Case (i) for
P, =0.1. In Case (i), y1 < y2, but still intersection happens.
Since the entropy of u; is fixed to be unity, the larger the
average SNR, the less unlikely the Case (i) happens. Hence the
occurrence probability due to Case (i) decreases in high aver-
age SNR value regions. In this case, since R%.C (y1) < H (uy),
it is necessary to perform joint decoding at the destination for
the successful recovery.

107
=
S 102
Q
<
o
o 0
& g3k |2 SW.pe-0.01
8 SW, pe=0.01

—<+—SW, pe=0.1 ]

—+H—SW, pe=0.45
— >~ h-SW, pe=0.001

10 F h-SW, pe=0.01 o EER
- <+ — h-SW, pe=0.1 A TR %
— -0 h-SW, pe=0.45 AN TR
A \%
10—5 1 1 1 1 1 L
5 0 5 10 15 20 25 30
Average SNR(dB)

Fig. 12. Comparison of outage probabilities of SW-MAC and h-SW-MAC,
where asymmetric geometric gain is assumed, i.e., the geometric gain of
the helper-destination link is 5dB lower than that of the source-destination
link.

—A— SW, pe=0.001
SW, pe=0.01

—<+— SW, pe=0.1

—E5— SW, pe=0.45

Outage Probablity

104 £ |~ % — h-SW, pe=0.001 N 4
h-SW, pe=0.01 >3
- <+ - h-SW, pe=0.1 N ki
— -0 — h-SW, pe=0.45 BN *
10—5 I I I I L A
-5 0 5 10 15 20 25 30
Average SNR(dB)

Fig. 13. Comparison of outage probabilities of SW-MAC and h-SW-MAC,
where asymmetric geometric gain is assumed, i.e., the geometric
gain of the helper-destination link is 5dB higher than that of the
source-destination link.

In Case (ii), joint decoding is needed to recover the
source ui when R%‘C(l_};_ly2 < H (u1). Since the h-SW
region is fixed with the information correlation P, given
while the capacity increases with the average SNR becomes
large, the intersection of the h-SW and the MAC region also
increases. As a result, the probability of Case (ii) approaches
to unity with the increased average SNR, as shown in Fig. 15.

. L yal
In Case (iii), since »C (—1 g

R > H (u1), the source u
can be recovered without joint decoding. However, performing
the joint decoding further utilizes the helper information,
resulting in even higher probability of successful recovery.
The occurrence probability decreases as the average SNR
increases, as shown in Fig. 16. Nevertheless, outage does not
happen in Case (iii) because the intersection still happens.

The observations of Fig. 14-16 agree with the explanatory
sentences shown in subsection III-D. Fig. 14-16 include the
difference of the geometric gains between the source and



2146 IEEE SENSORS JOURNAL, VOL. 21, NO. 2, JANUARY 15, 2021
V. CORRELATED FADING
The results shown in Section IV are under the scenario
that information sequences are transmitted over independent
block Raleigh fading channels. In this section, we investi-
= gate outage probabilities of correlated block fading channels.
8 The fading variation correlation of the source-destination and
3 the helper-destination link is defined as p = (h1h3) with the
5 normalization (|h1[%) = (|h2|?) = 1, and |p| = [0, 1] [17].
3 If the transmission links are independent or fully correlated,
© |pl = 0 and |p| = 1, respectively. With |p| # 0, the Py 1
and Py, can be calculated by
1
105 ‘ ‘ ‘ ‘ ‘ ‘ Pour,1 = Pr IRTC (y1) < H (uy | MZ)]
C
5 0 5 10 15 20 25 30
Average SNR(dB) CHuiluz)] - p@(Fo0)
= p (71, 72)dy2dy:
Fig. 14. Occurrence probability of Case (i) with Pe = 0.1. (0 ©(0)
2ReH(Pe) 1 ntoo
= / / p (i, y2)dy2dyr,  (18)
10° = 4 4 4 3 0 0
—4A—a=-5dB and
a=0dB
—<—a=5dB 1
107 H (urluz) < —C(y1) < H (u1);
o Pout,Z =Pr Re
= == C (1 +y2) < H (ur,u2)
S 102 Re
e O[H (u1)] O[H (u1,u2)]1-71
8 = / / p(y1,72)dy2dy:
5 . O[H (w1 [u2)] J @ (0)
510 oRe_q QR[IHH (P _ |y,
S =/ / p (1, y2)dyadyi,
2RcH(Pe) 1 .J0
10
(19)
. where p (y1, y2) is the joint probability density function of y
5 0 5 10 15 20 25 30 and y,, given by
Average SNR(dB)
Fig. 15. O bability of C ii) for Pe = 0.1 p(y1,72) = ! Iy 2lplyiy2
ig. 15. Occurrence probability of Case (i) for Pe = 0.1. ) I, (1 — pz) m(l — |P|2)
1 1, 02 )i|
exp | — L 2N 0
|: 1—|pl? (Fl I
with
(@]
(=D™ rxy\2m
z ()= 2, () @h
kS m=0
& being Bessel function. Hence, p (y1, y2) can be expanded into
g 2 V1 V2
3 PGy =a Y Buyimexp(c- )y exple- = ).
S T I
m=0
10 (22)
With
0 5 10 18 = =2 a= 1 (23)
5 0 5 10 15 20 25 30 = o= v
Average SNR(dB) Flrz (1 - p2)
2|p]
Fig. 16. Occurrence probability of Case (iii) for Pe = 0.1. b= . (24)
¢ VIIT2 (1= 1p1?)
1
¢ = _ﬁ’ (25)
the helper links, 0dB, —5dB, and 5dB as a parameter. Such = Ipl
geometric gain difference makes the performance tendency B — (=1 é (26)
more clearly. T m)? \2 ’
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Fig. 17. QOutage probability of correlated MAC and orthogonal transmis-
sions with Pg = 0.01.

where M is determined empirically such that the summation
in (19) converges. In this article, M = 3 is found to be enough.
Then, P,y:,1 and P,y > can be calculated by

2R‘;H(pe)_| yl
M | Bm / ylzmexp(c'r—)dyl
Pout,l =a Z 0 !
+00
m=0 2m yz d
: VYo eXpycC- T, V2
0 2
(27
and
M 2Rc_1 2Rc[1+H(Pe)J_1_yl
Pourp=a Y {Bn / / Pdyydyt,
=0 2RcH(Pe) 1 JO
(28)
with
P =y}mexp ¢ 2 y 2™ exp ¢ 1), (29)
I I

Fig. 17 shows for P, = 0.01 the outage probability with
the fading variation correlation |p| as a parameter. The outage
probabilities of the MAC and the orthogonal transmissions
[18] are indicated by the dotted and solid curves, respectively.
The 2"¢ order diversity can be achieved in low average SNR
value range and the outage curves finally approach the 1°7
order diversity as the average SNR increases because P, # 0.
The larger the |p| value, the smaller the value of the average
SNR is, where the 2"¢ order diversity can be achieved.
Also, the orthogonal transmission can achieve lower outage
probability, but the difference is very minor.

VI. CONCLUSIONS

In this article, the system of one source with one helper
transmitted over a block Rayleigh fading MAC has been
investigated. For successful transmission, the transmission rate
should satisfy both the h-SW and MAC regions, which is a
sufficient condition. Outage probabilities with different fac-
tors, including information correlations, geometric gains and
channel variation correlations, have been provided. To have

in-depth insights of the contributions of three cases to the suc-
cessful transmission, we also derived the explicit expressions
of the occurrence probabilities of the three cases.

It has been shown that compared with SW-MAC, the outage
probability further reduces by h-SW-MAC. Numerical results
indicated that the 2"? order diversity can be achieved in
the low average SNR value range in the case information
sequences transmitted from the source and the helper are
highly correlated. Lower outage can be achieved if the geomet-
ric gain of the source link is larger than that of the helper link.
Most significantly, with MAC, the throughput efficiency can
be twice as large as that with orthogonal transmissions. The
numerical analysis shown in this article provide a theoretical
basis for one source with one helper transmitted over a block
Rayleigh fading MAC. The scenarios of one source with
multiple helpers as well as multiple sources with one helper
are left as a future study.
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