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Abstract

In this letter, a new power allocation scheme is proposed to improve the reliability of cooperative
non-orthogonal multiple access (CO-NOMA). The strong user is allocated the maximum power, whereas
the weak user is allocated the minimum power. This power allocation alters the decoding sequence
along with the signal-to-interference plus noise ratio (SINR), at the users. The weak user benefits from
receiving multiple copies of the signal whereas the strong user benefits from the higher power allocation.
Numerical simulation results show that the proposed scheme has a lower mutual outage probability
(MOP) and offers better reliability as compared to the conventional power allocation scheme for CO-
NOMA. An exact closed-form expression of MOP is derived for the two-user CO-NOMA system and it
is shown that each user achieves full diversity. The proposed allocation is able to achieve approximately
30% higher transmission rate at 15 dB as compared to conventional CO-NOMA in a practical non-power

balanced scenario.

Index Terms

Cooperative NOMA, Power allocation, Performance analysis, Mutual outage probability.

I. INTRODUCTION

Non-orthogonal multiple access (NOMA) is a promising scheme that offers higher throughput by
allowing each user in the network to operate at the same time and frequency [1]-[3]. In particular, NOMA

allocates different power levels to the users and transmits a superimposed message, which is then decoded
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by the intended users through successive interference cancellation (SIC) [4]. The performance of NOMA,
in terms of the outage probability and ergodic sum-rate, in a downlink cellular network with randomly
deployed mobile users has been investigated in [5], demonstrating that NOMA can achieve a higher
rate than orthogonal multiple access (OMA). Outage performance of NOMA in presence of imperfect
channel knowledge was analyzed in [6]. The impact of user pairing on the performance of two NOMA
systems, NOMA with fixed power allocation and cognitive radio inspired NOMA, was discussed in [7].
Performance gain of both schemes depends on different kinds of user pairing, CR-NOMA prefers to pair
the user with the best channel condition with the user having second best channel condition, whereas the
user with the worst channel condition is preferred by F-NOMA as it performs better over conventional
MA by selecting users whose channel conditions are more distinctive. The SIC performed in conventional
NOMA enables users with better channel conditions to decode not only their own information but also
the messages intended for other users. This additional information has been exploited in [8] to propose a
cooperative NOMA (CO-NOMA) protocol. The users who decode other users’ messages, become relays
and transmit the other users’ messages based on the NOMA principle in the cooperation phase, yielding
a higher signal-to-noise ratio (SNR) at the weak users. CO-NOMA was shown to yield a lower mutual
outage probability (MOP) and as a result, has better reliability compared to NOMA. In addition, each
user in CO-NOMA is able to achieve full diversity [8].

There have been several works discussing power allocation for NOMA, see [9] and the references
therein, where various rate optimal NOMA schemes are discussed. However, there has been limited work
related to the impact of power allocation on performance of CO-NOMA [10], [11]. Power allocation
to maximize the minimum achievable rate for a two-user half-duplex CO-NOMA (HDCO-NOMA) and
for a two-user full-duplex CO-NOMA (FDCO-NOMA) was proposed in [10], [11] and it was shown
that adapting the transmit power in the cooperative phase can improve the user throughput. Moreover, a
hybrid of HDCO-NOMA and FDCO-NOMA was also proposed to further enhance the user throughput
[10], [11]. The spectral efficiency of CO-NOMA is enhanced by employing full duplex transmission
which reduces the time slots in the cooperation phase [11], [12]. In addition, the energy efficiency of
CO-NOMA systems can be improved by energy harvesting, see [12] and references therein. In order
to improve the data-rate of broadcasting and multi-casting in vehicular communication networks using
CO-NOMA, power allocation to maximize the minimum throughput for both HDCO-NOMA and FDCO-
NOMA was proposed in [13].

In [8], [10]-[14], the power coefficients and the decoding sequence used in CO-NOMA was based

on the NOMA principle in which the user with weak channel (the weak user) is allocated higher power
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and the user with the strong channel (the strong user) is allocated a lower power. In NOMA, all users
receive only a single copy of the signal. This power allocation does reduce MOP of the network in
case of NOMA. However, in CO-NOMA, the weak users receive more copies of the signal during the
cooperative phase, unlike NOMA. Therefore, for CO-NOMA, a power allocation borrowed from NOMA
is sub-optimal as it does not consider the signal copies received during the cooperative phase. If the power
allocation from NOMA is utilized in CO-NOMA, the weak users receive more copies of the signal in
addition to being allocated the higher power. This does reduce the outage probability of the weak user
but on the other hand it does not reduce the outage probability of the strong user which only receives a
single copy of the signal with lowest power. This results in a larger MOP implying a higher probability
that any of the users is in outage in the network.

In this letter, a heuristic power allocation scheme is proposed for CO-NOMA which reduces the MOP.
A lower MOP implies a lower outage probability for all users. In the proposed scheme, different from
conventional CO-NOMA, higher power is assigned to the strong user. Therefore, this user only receives
a single copy of the signal but benefits from the higher power. The weak user benefits by receiving
multiple copies of the signal which provides diversity gain and improves reliability. Numerical simulations
show that the proposed power allocation, has a lower MOP and improves reliability compared to the
conventional CO-NOMA scheme considered in [8], [10]-[14]. In addition, for a two-user cooperative
network, exact closed-form expressions for MOP and user outage probability are derived and it is shown
that each user achieves full diversity. Moreover, in a practical non-power-balanced scenario with 90%
non-outage, simulation results show that the proposed allocation can achieve approximately 30% higher

rate at 15 dB, compared to conventional CO-NOMA.

II. SYSTEM MODEL AND THE PROPOSED SCHEME

Consider a downlink communication scenario in a network having one base station (BS) and K users.
Signal transmission from the BS to the users is carried out in two phases, 1) Direct phase and 2)
Cooperative phase [8]. In the direct phase, the BS broadcasts a combination of messages of K users,
Zﬁzl DmSm, Where s, is the message signal of the m-th user and p,, is the power allocation coefficient

for the m-th user. The signal received at the k-th user, in the direct phase (first time slot), is given by

K
Yik = VPl Y PmSm + N1k,
m=1

where p is the transmit power, n; j, is the noise added at the k-th user and hy, is the channel gain between

the BS and the k-th user. The channel is assumed to be independent and identically distributed (i.i.d.)
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and has Rayleigh fading. Therefore, hj is a zero mean complex Gaussian random variable (RV). Without
the loss of generality, hy, is assumed to have unit variance. As a result, the channel power gain, |hy|? is
a unit mean exponential RV! [15]-[18]. The noise at the users is assumed to be additive white Gaussian
noise with zero mean and unit variance. During the direct phase, the signal at the users is decoded using
the principle of SIC. The users are able to decode the stronger signal, subtract it from the combined
signal, and then extract the intended messages of all the users from the residue.

In the cooperative phase, other users’ messages which are decoded using SIC, are re-transmitted
to achieve better reliability and improved quality-of-service (QoS) at each user. Similar to [8], it is
assumed that each user re-transmits with power p. Users are ordered based on their channel power as
|hi|? < |ho|? < ... < |hk|?. In the first time slot of this phase, the K-th user (which is the user with
the best channel) broadcasts, to the other users, a signal which is a combination of the other (K — 1)
user’s messages Ei;} 4K,mSm, Where qg ,, denote the power allocation coefficient for the m-th user
at the K -th user and Zﬁ;% q%(’m =1 [8]. The signal received at the k-th user from the K-th user in

this time slot is

K-1
Yok = VPIKk Y AKmSm + Mok,
m=1
where k£ € {1,2,---,(K — 1)}, ngy is the noise added at the k-th user, g; ; denotes the zero mean

complex Gaussian channel gain from the i-th user to the j-th user. The (K — 1)-th user combines the
signals from both phases by using maximum ratio combining (MRC) before decoding each users data.
This user then broadcasts, to the remaining users, a signal which is a combination of the other (K — 2)
users’ messages. During the n-th time slot of this phase, 1 <n < (K — 1), the (K —n + 1)-th user

broadcasts the combination of (K — n) messages with the power allocation coefficients gx _p+1,, and

the signal received at the k-th user, where k € {1,2,--- , (K —n)}, is
K—n
Yn+1k = \/EQK—n-l—l,k Z AK —n+1,mSm T Mn+1ks
m=1

where 7,11 is the noise added at the k-th user.
Proposed Power Allocation: Users are ordered based on their channel power as |h1]? < |ho|? < ..... <

|hx|?. The power coefficients allocated to the ordered users during the first phase satisfy

pi <ps <. < Dk (1)

"The mean power of the channel is assumed to be fixed over both the phases. However, the channel gains may vary after

each time slot.
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with Zf,{l:l pm? = 1. This new power allocation is different from the one proposed in [8] where the
power allocation to the ordered users is p%( < p%(_l <. < p%, which allocates high power to the weak
user. The weak user also receives multiple copies of the signal, whereas the strong user is allocated lower
power and only receives a single copy of the signal. This allocation in [8] benefits the users with the
poor channel and neglects the users with the stronger channel.

On the contrary, the new power allocation in (1) allocates higher power to the strong user and lower
power to the weak user. The weak user benefits from diversity as it receives multiple copies of the signal.
Moreover, as the power allocation in (1) is opposite to that in [8], the sequence of decoding using SIC is
also reversed resulting in different signal-to-interference plus noise ratio (SINR) at the respective users.

Proposed Decoding Sequence: In the proposed scheme, as the strongest user is allocated the maximum
power, therefore, each user has to decode the data of stronger users before decoding their own data.
Assuming, that there are K users, the steps for decoding are as follows: First time slot:

1) The K-th user (which is the strongest user) will decode its data first as it is allocated the highest
power. On the contrary, in conventional CO-NOMA, the K-th user data is decoded at the end as
it is allocated the least power.

2) The K-th user will perform SIC and decode all other user’s data.

3) All the remaining users will decode only the K-th user’s data and perform SIC. They will neither
decode their own data nor any other users data.

Cooperative Phase - n-th time slot (1 <n < K):

1) The (K —n+ 1)-th user will receive signal from the (K — n + 2)-th user where the (K —n+ 1)-th
user data is allocated the highest power. It will combine the signal copy received in this time slot
and all the previous time slots using MRC and then decode its data.

2) The (K — n + 1)-th user will perform SIC and decode the data of all the remaining users based
on the combined signal from existing and all previous time slots.

3) All the remaining users will decode only the (K —n + 1)-th user data and perform SIC. They will
neither decode their own data nor any other users data.

K-th time slot:

1) The weakest user will receive signal from user 2. It will combine the signal copy received in this
time slot and all the previous time slots using MRC and then decode its data.

It can be noted that, similar to conventional CO-NOMA, the weakest user data is decoded in the K-th

time slot. No additional time slot is needed for decoding the weak user data compared to orthogonal

October 28, 2020 DRAFT



multiple access (OMA) or conventional CO-NOMA. The decoding steps for the proposed scheme, for

K = 3, are summarized in Table 1.

III. PERFORMANCE ANALYSIS

In the cooperative phase, the received signals at the users are combined using MRC. The combined

SINR for the (K — n)-th user, for 0 <n < K — 1, is given as

Vi o ‘h‘K—n‘Qpiffn i ’gK—i'i'l:K_an%(fz?kl,Kfn
e K-n—1 K—n—1 :
|hK*n’2 Zm:? p%n + % i=1 |gK77j+1,K7n|2 Zm:? q%(—i—‘rl,m + %

It can be noted that the opposite sequence of SIC in the proposed scheme makes (2) different from the

2

traditional CO-NOMA in terms of power coefficients as well as the limits of summation (cf. [8, Eq. (7)]

and [13, Eq. (3)]) . For n = K — 1, i.e. the user with the worst channel, the SINR is given as
K-1

*pt +p Z 9x i1 P dhe i1 3)
i=1

1 = plha

Again it can be noted that the SINR of the weak user in (3) is different compared to the scheme proposed
in [8, Eq. (7].
The performance metrics considered to analyze the proposed scheme are outage probability of the

respective users and the MOP, which is defined as

Mo =1—=Pr(y > ¢1,72 > ¢2,...,7k > OK), “4)

where ¢ = 2f% — 1, Ry, € {1,2,3...} and denotes the desired rate for communication of the k-th user
in bits per channel use [8]. The outage probability of the respective users will always be less than or
equal to the MOP (proof provided in Appendix B). So, if a network is designed to achieve a MOP equal
to a, it will be guaranteed that each user in the network will achieve an outage probability less than or
equal to o and experience a good QoS.
Outage Probability of the Weakest User:

The SNR of the weakest user, in (3), can be expressed as v; = Zfial X; where Xo = p|h;1|?p? and
X; = qu(_i+171|gK,i+171]2. Denoting an exponential RV, A, with mean A as A ~ exp (\), it can be
noted that X ~ exp <%) (|h1]? is the minimum of K exponential RVs) and X; ~ exp (pq%(ﬂ- +1,1)'

Thus, v, is a sum of independent and non-identical (i.n.i.d) exponential RVs having CDF

K-1
B =Y C(1-e%), (5)
=0

1

where C; = Hj# %, Ao = %p% and \; = qu(_i_H 1 [19]. The outage probability of the weakest

user can be obtained by evaluating the CDF in (5) at v = ¢.
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Outage Probability of the Strongest User:
The SINR of the remaining users, in (2), can be expressed as yx—, = Y, + Z?:l Z;, where Y,, =

|hK—n|2P%<7n and Z, = ‘gK*i‘FlyK*"L‘quf'hkl,l(fn
R D ! moi 4

- ‘9K7i+1,1<7n‘22m:1 qK—i+1,m+l.
The CDF of Y,,, Fy, (y) = Pr ( ‘hKf’}f_Ifi}" - < y), is simplified as

P

I3
el St P2 L

ATE <%wo,n(y)) 5y < Con

Fy, (y) = (6)
1 Yy > CO,TL?
where wo ,(y) = o Zy,KZIHPQ R Con = % and |hx _,|? is the (K — n)-th highest channel

power gain among K channel gains. Using order statistics, for the Rayleigh fading scenario, the CDF is

obtained as o A
S0 (5) (1= e reon @) (e @)y <
Ry = =0 ) ( ) ) Y
1 3y > COJL-

|gr—it1, 0 —nl? 200 20T Ak iyt

Similar to Y, the CDF of Z;, Fz,(z) = Pr ( 9r i onPliciniren o z>, yields

1
ﬂgK—i+1,K—W,\2 (;Wi,n (2)) ;2 < Ci,n

1 32 > Ci,na

Fz,(z) = ®)

2
C' _ 9K —i+1,K—n
), ,Mm K—n—

1 2
m=1 4K—it1,m

z
2 K—-—n—1 _2
T —it1, K—n=2 2met Dk —it1,m

mean i.i.d. exponential RVs, which implies that

Fy(z) = (1 - eﬁ%m) i 2 < Gim

where w; p, (2) = ( and |gK—it+1,K—n 2 are unit

)]
1 j2 > Ci,n-

The outage probability of the strongest user can be obtained by substituting n = 0 and v = ¢y in the
CDF in (7).

Derivation of the analytical expression for the outage probability for the remaining users leads to an
intractable analysis. Specifically, the moment generating function (MGF) of Y;, and Z; cannot be obtained
in closed-form. In order to gain some insight into the outage performance of the users, the diversity order
achieved by each user is calculated.

Diversity Order: For two non-negative RVs, A and B, it can be shown

Pr(A+ B <z)= // fa,B(a,b)dadb
a+b<z

< // fap(a,b)dadb =Pr(A < z,B < x).
a<z,b<z
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This result can be generalized for a large number of non-negative RVs, A;, j € {1,..,00} as

Pr (Z A; < a:) < Pr(n; (4; < ). (10)

In order to obtain the diversity order for the weakest user, utilizing the identity in (10), the CDF in
(5) is bounded as

K-1 K-1
—PT<ZXi§’Y>§HPr(Xi§’Y)- (1)
1=0 =0

As X, are independent, the bounded CDF is expressed as

K-1
b)) < H (1-e). (12)

As p — oo, implies i~ — 0. As argument of exponential function approaches 0, it can be approximated

~

using Taylor series as e* &~ 1 + x which implies 1 —e * ~1— (1 — —) yielding

K-1 K-1
F,()<Frm=]] (1) _ ok [1 (ﬂ) . (13)

=0 PPY ;7 \P9K—it1,1

The diversity order for the weakest user can be obtained as

Klo +K lo 1K 1t . .
Dl = 7hmp~>oo W — 7hmpi>oo g( ) g<10g( ) ( K—z+1-1)) - K.

In order to obtain the diversity order for the remaining users, 0 < n < K — 1, again utilizing the

identity in (10), the CDF of ~x_,, can be bounded as

Fie () =Pr (Yn +Y 7 < ’Y) <Fy, N][[Fz - (14)
=1

i=1
Substituting the CDFs from (7) and (9) into (14) yields

n

P ( <Z( )( —iwo,om)“(——wom)'n(l_e o))

Similar to (13), as p — oo, argument of exponential function approaches 0 and can be approximated

using Taylor series as

o K\ (1 K=n N £
Fy ) S E )=, ) ( Se0002) p [ @in (). (15)
i=1
N . : log(Fi; n(v))
The diversity order for the (K — n)-th user can be obtained as Dx_,, = —lim, s~
) Klog(2)+Klog((¥)wso " () [Ty (win (7))
—lim, o0 ( > Toz(p) =K.

All users in the proposed scheme achieve full diversity.

Mutual Outage Probability
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10

As discussed previously, deriving the analytical expression for the outage probability for the (K —n)-th
user, where 0 < n < K —1, leads to an intractable analysis. Similarly, derivation of the MOP expression,
for the K > 2 case, leads to an intractable analysis. For the K = 2 user case, the exact closed-form
MOP expression can be derived and is given in Proposition 1. For a network with two users, using (2),
the SINR at strong user is given as

ppn|ho|?

2= — 3 T (16)
ppilha|? + 1
where the higher power is denoted as p;, = p3 and the lower power value is denoted as p; = p3. Using

(3), the SNR at the weak user is given as

Y1 = ppilha|? + plgaa |- (17)

Again it can be noted that the expression for SINR in (16) and SNR in (17) are different from previous

works in [8], [11, Eq. (2)] and thus, yield a different statistical analysis.

Proposition 1. The MOP for the two user CO-NOMA system using the power allocation in (1) is given
in (18) where ¢ < P2 p=_1 __ ¢2 A:min{c,%l} and c:1<¢1—(¢2>. If ¢o > %, then at high

/i PP} (, &)’ P Ph _ )
p v (1-925t 92

SNR (large p), the strong user will be unable to meet the rate requirement and Mo = 1.

Proof: See Appendix A. [ ]
Remark: The MOP in (18) is obtained in closed-form and is given in terms of exponential functions
which can be easily evaluated using existing mathematical packages such as MATLAB®. The derived

expression is useful for the practical scenario, where a 2-user CO-NOMA system may be deployed?.

For a large number of users, the deployment of NOMA and CO-NOMA becomes extremely challenging, e.g. the decoding
at the users becomes more involved, the probability of error propagation increases, resource allocation becomes challenging [1],
[20]. In order to counter these challenges, user pairing is proposed and most existing works consider only 2-user pairing [1],

(8], [20].
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11

Moreover, the power allocation which yields the minimum MOP can be obtained quickly using (18) as

compared to running time-consuming simulations?.

IV. NUMERICAL RESULTS

Monte-Carlo simulations were performed in MATLAB to analyze and compare the performance of
CO-NOMA utilizing the new power allocation in (1) with the allocation proposed in [8]. CO-NOMA
with the new power allocation is denoted as CN-PA and CO-NOMA with the standard power allocation,
of [8], is denoted as CN-SA. The performance is also compared to OMA, where each users’ data is
transmitted with power p in different time slots. The average channel and noise power is assumed to be
unity. The simulation curves are generated by averaging over 5 x 10° realizations of the channel.

Fig. 1 compares the MOP performance, for K = 2, of CN-SA and the proposed CN-PA scheme.
For CN-PA, the optimal value of ps that minimizes (18) and also satisfies (1) is calculated numerically
in MATLAB. For CN-SA, the optimal power coefficients, which achieve minimum MOP and satisfy
p%( < p%(_l <. < p%, were calculated using a time-consuming brute-force simulation. The optimal
squared power coefficient values for K = 2 are listed in Table II. It can be observed in Fig. 1, that the
proposed CN-PA scheme has a lower MOP compared to the CN-SA scheme. The reason for this is that
in CN-SA, the strong user is allocated less power and has a higher outage probability which results in
a larger MOP (it is shown in Appendix-B, if any user has a high outage probability, the MOP will be
higher than it.). CN-PA allocates higher power to the strong user to reduce its outage probability, as a
result of which the overall MOP reduces. Observing the optimal power value for the CN-SA in Table
II, p? = .51 and as a consequence p3 = .49. This yields a power-balanced scenario (p? =~ p3), in which
the practical SIC decoder might not perform well [21]. On the contrary, the difference in the optimal
power coefficient values for CN-PA is very large, which is desirable for error free SIC decoding. For
comparison, the performance of CN-SA in a non-power balanced scenario, i.e. p? = 0.8, is also plotted.
It can be noted that, in this case, the CN-PA scheme offers a 3 dB gain over the CN-SA scheme when
Ry = 1, Vk. Moreover, it can also be noted that the simulation results match exactly with the derived

MOP equation in (18).

3The simulations were carried out on a Intel Core i5 processor @1.10GHz with 8 GB RAM. For the proposed power allocation
scheme, the time for calculating the optimal power value using (18), for a single value of p and rate, R, was approximately
Ims. For conventional CO-NOMA of [8], the calculation of optimal power value required averaging over 5 x 10° realizations

of the channel and took approximately 180s. The time was calculated using tic/toc function in MATLAB.
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OPTIMAL SQUARED POWER COEFFICIENTS FOR K = 2.

TABLE I

12

p | 0dB | 3dB | 6dB | 9dB | 12dB | 15dB | 18 dB | 21 dB
R ) CN-PA | p3 | 0.995 | 0.995 | 0.845 | 0.810 | 0.795 0.790 0.790 0.790
k =
CN-SA | p? | 0.510 | 0.510 | 0.510 | 0.560 | 0.560 | 0.560 | 0.560 | 0.560
R 5 CN-PA | p3 | 0.995 | 0.995 | 0.995 | 0.995 | 0.930 | 0.895 0.885 0.880
k pu—
CN-SA | p7 | 0.510 | 0.510 | 0.510 | 0.510 | 0.510 | 0.510 | 0.540 | 0.560
42‘ Q ~ ' N S §
O s hRS
o o N
a % i
o S S RN
c) \\ \\ N
L o H
S 107°F . ]
o 0 , Q _‘
S ' [——cN-PAeq. (18)
§ CN-PA Sim %
————— CN-SA Sim (Table II)
10 | | —s— CN-SA Sim p?=0.8
.................... OMA Sim (K=2) j
0 5 10 15 20
p [dB]
Fig. 1. Comparison of MOP of CO-NOMA schemes for K = 2 users.

Fig. 2 compares the outage capacities achieved by the schemes. For a given target rate, the curve
specifies the probability of non-outage. It can be observed that the rate supported by the CN-PA scheme
is higher compared to both CN-SA and OMA. Infact, in a practical non-power-balanced scenario (i.e.
CN-SA with p? = 0.8) with 90% non-outage, CN-PA is able to support approximately 30% higher

transmission rate at 15 dB, compared to CN-SA.

October 28, 2020 DRAFT



13

CN-PA eq. (18)
CN-PA Sim
----- CN-SA Sim (Table II)

0.98
o --B-- CN-SA Sim p7=0.8
g 0.96 e OMA Sim (K=2)
3 [
5
©
>
Z0.92 ]
= ,
m L
-8 L
£ o9} |

o
©
®

1.5 2 2.5
Rate [bits per channel use]

Fig. 2. Outage Capacity: Rate supported by the CO-NOMA schemes against probability of non-outage, where K = 2 and
Ry = Ro.

V. CONCLUSION

A heuristic power allocation scheme for CO-NOMA that improves the transmission reliability has been
proposed. Numerical simulations show that the proposed scheme achieves a lower MOP and supports
a higher transmission rate as compared to the conventional scheme. Moreover, the exact closed-form
analytical expressions for MOP for the two user case are derived and it is shown that each user is able

to achieve full diversity.

APPENDIX A

For the two user case, MOP is given as
Mo =1—Pr(y1 > ¢1,72 > ¢2). (19)
Substituting the values of SINR from (16) and (17) yields

Mp = 1—Pr(|h1|2 > a, |ho|? > f), (20)
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where o = I}I <% — 5), g = i% and § = |g|2. MOP can be further expressed as

Ph

MOVQZI—PI' |h2‘2>5 5>¢7
Mo = ( ) ? (21)
Mor=1-Pr(|m*> a,|hof* > B) 5<%.
Expression for Mo g:
R b2 2
M(97g:1—Pr(|h2|2>ﬁ) =1—- (]_—e on (1 ¢2p;i)) . (22)

Expression for Mo r: Let the unsorted channel power gains be denoted by ;v and x, which implies
|ho|? = max {u, k} and |h1|*> = min {u, £}. Mo . can be expressed as
Mo, =1—Pr(min{p,c} > a,max{p,x} > f). (23)

Mo, can be further expressed as

Mor=1- <PI’<(5<¢;,M>a,l€>6,fi>u>+l}r<5<¢;,I€>C¥,M>B,M>/€>>.

The M . expression can be further expanded as

<Z>1

MOE—I-PI‘( >6,a<u</<a>

—Pr a>/8,a</i<,u>

< (24)
—Pr<(5< a<5,a<u<m,6<n>

—Pr{d<— a<6,a</<c<,u,ﬁ<,u>

Condition (« > f), is equivalent to (6 < c¢), where c:i<¢1—(ph¢2‘¢)>. This implies, the condition
TL7 2
{5<“’—;ma>ﬁ} can be combined as {s<A}, where A:min{q%} and condition {6<¢71ma<6} is equivalent to

{c<6<"’71 . The resulting expression of M , is expressed as

Mor=1—(P1+Pa+Ps+Ps), (25)

whereP1:Pr(5<A,a<u<m),PQ:Pr(5<A,a</€<u),733:Pr<c<5<%,a<,u<ﬁ,,6’<m)
and P4:Pr<c<5< %,a<m<u,6<u>.7?1 can be obtained as

A poo  poo
Pi=Prd<Aa<pu<ek)= / / / funrs (x,y,2) dydzdz.
0 ot x
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Substituting the joint PDE, f, . s (2,y,2) = e~ @ ¥+2)y(2)u(y)u(z), and solving the resulting integral

yields

-2(5%) :
pote 2t <1 - e‘(l‘m>A) : (26)
1=
D
Similarly, Py = [ [ [¥ f, 06 (2,, 2) dydadz is solved to yield

2 ¢1

Py — 16’) (1 _ e—(l—i)A> . (27)

5 <1 _ 2
Y4
$1
It can be noted that Py = Py, because the distribution is symmetric. Ps = [ » [ [ ; e~ @t te) dydadz

is solved to yield

773267( pr e

B+Lﬂ) 670(171%) - ef%(lfi) B e 2P (e_c _ e_ﬂ) )

41
Psi= [+ f;o IZ fuws (2,9, 2) dydadz is solved to yield
191
_B 757 1 1 1 _2ﬁ 1
’P4 = L e_c<1_l'7) — e_%<1_1’7) — € (efc — ei%)
0-4) 2
P
Again, in this case, P4 = Ps. Using (21), (22) and (25), the final expression for MOP is obtained as
(18).

APPENDIX B

The MOP of a two user network is defined in (19). It is trivial to show that
/ f’Yi (ZL‘)d.ﬁ Z / f%,’h (x,y)d:vdy, (28)
>0 y>¢ Jr>p
where i = {1, 2}. (28) implies

Pr(y; > ¢) > Pr(y1 > ¢,72 > ¢). (29)

From (19) and (29), we can deduce that Pr(v; < ¢) =1 —Pr(y; > ¢) < My i.e. outage probability of

the respective users will always be less than or equal to the MOP.
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