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Abstract

In this paper, a new transmit diversity scheme for cooperative non-orthogonal multiple access
(NOMA) is proposed without perfect channel state information at the transmitter (CSIT).
To support two users under a near-far user pairing constraint, a distributed cyclic delay
diversity (dCDD) scheme is adjusted into NOMA by dividing a set of remote radio heads
(RRHs) into two groups for multiple cyclic-prefixed single carrier transmissions. Using only
a limited channel relevant information needed to make dCDD work, a new RRH assignment
and power allocation mechanism is proposed. After then, closed-form expressions for the rates
of two users achieved by the proposed RRH assignment and power allocation mechanism are
derived. For various scenarios, link-level simulations verify that superior rates can be achieved
by NOMA with dCDD over the traditional orthogonal multiple access with dCDD.
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A dCDD-Based Transmit Diversity for NOMA
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Kyeong Jin Kim, Hongwu Liu, Hongjiang Lei, Zhiguo Ding, Philip V. Orlik, and
H. Vincent Poor

Abstract—In this paper, a new transmit diversity scheme for
cooperative non-orthogonal multiple access (NOMA) is proposed
without perfect channel state information at the transmitter
(CSIT). To support two users under a near-far user pairing
constraint, a distributed cyclic delay diversity (dCDD) scheme
is adjusted into NOMA by dividing a set of remote radio heads
(RRHs) into two groups for multiple cyclic-prefixed single carrier
transmissions. Using only a limited channel relevant information
needed to make dCDD work, a new RRH assignment and
power allocation mechanism is proposed. After then, closed-form
expressions for the rates of two users achieved by the proposed
RRH assignment and power allocation mechanism are derived.
For various scenarios, link-level simulations verify that superior
rates can be achieved by NOMA with dCDD over the traditional
orthogonal multiple access with dCDD.

Index Terms—Distributed cyclic delay diversity, NOMA, cyclic-
prefixed single carrier transmission, near-far user pairing, rate.

I. INTRODUCTION

To meet a high spectral efficiency, ultra-reliability, and low-
latency required by tactile Internet, mobile edge computing,
and beyond fifth generation (B5G) networks, non-orthogonal
multiple access (NOMA) has emerged as a key technique for
the upcoming decade of wireless communication evolution [1],
[2]. With the aid of superposition coding in the power-domain,
multiple users are multiplexed on the same time-frequency
resource block with different power levels. To mitigate intra-
cluster interference inherited from NOMA principles, succes-
sive interference cancellation (SIC) is in general applied at the
receiver to recover the signals [3].

To enhance system performance and provide new degrees of
freedom (DoF), various diversity techniques have been applied
to NOMA, including multiple-input multiple-output (MIMO)
antennas techniques and cooperative relaying schemes. Com-
pared to conventional MIMO orthogonal multiple access
(OMA), MIMO-NOMA can achieve a larger diversity order
while serving severing more users [4]. It has been shown in
[4] and [5] that channel gain disparity affects the diversity
order achieved by NOMA users. To achieve full diversity for
NOMA systems, transmit power allocation was proposed in
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[6]. To avoid the sophisticated channel ordering required by
SIC, MIMO-NOMA was decomposed into single-input single-
output (SISO) NOMA with a greatly decreased complexity
[3]. However, power allocation and user ordering in MIMO-
NOMA systems make the system performance evaluation
more challenging over that of SISO-NOMA systems [7]. By
sorting the users according to quality of service (QoS) require-
ments, the impact of relay selection schemes on performance
of cooperative NOMA systems was investigated in [8] and [9],
where two-stage relay selection protocols were proposed for
cooperative NOMA systems with fixed power allocation and
adaptive power allocation, respectively. The results showed
that diversity gain for the two-stage decode-and-forward (DF)
relaying scheme is proportional to the number of relays. The
same results were obtained in [10], where the users were
ordered by channel conditions.

In contrast to existing work, our main contributions can be

summarized as follows.

o To achieve the transmit diversity gain without perfect
channel state information at the transmitter (CSIT), the
distributed cyclic delay diversity (dCDD) scheme [11],
[12] is employed among spatially distributed central unit
(CU), remote radio heads (RRHs), and two users. Fur-
thermore, to support the near-far user pairing for NOMA
[13], the original dCDD scheme is adjusted as follows to
transmit two information signals simultaneously.

— The CU divides a set of available RRHs into two
groups based on the channel magnitudes, so that two
users need to feed back a channel relevant informa-
tion to the CU. This makes the CU control each
group to transmit its own information signal to two
users simultaneously. Thus, the proposed transmission
scheme is different from the existing NOMA scheme
that transmits the superposed signal.

— For two separate groups, the CU allocates a different
power to support the near-far user pairing.

Due to different geographical locations of two users,
non-identical frequency selective fading channels from
RRHs to two users are considered. Over realistic and
challenging channels, we provide an analytical framework
jointly taking into account a different degree of RRH
cooperation via dCDD protocol and power allocation.

A. Notation

C denotes the set of complex numbers; I,,x, denotes the
m X n matrix of ones; and 0,,,«,, denotes the m X n zero
matrix. CA/ (u, 02) denotes the circularly symmetric complex



Gaussian distribution with mean p and variance o2; F,(-)
and fsa(-), respectively, denote the cumulative distribution

function (CDF) and probability density function (PDF) of

the random variable (RV) ¢; and (Z) 2 (n%k'),k, denotes

the binomial coefficient. Cardinalities of a vector a and a
list S are respectively denoted by |a| and |S|. In addition,
subscripts are used to identify an element from a particular set.
For a set of continuous random variables, {z1,22,...,ZN},
x(; denotes the ith largest random variable. For the order
statistics, {x(1y, ..., %)}, we define the spacing statistics by
the set {y1,...,yn~}, each of which is defined with y; = x(,
and yy, :kx<k> — T(p_1) for 2 < k < K, so that we have

T(ry =D iy Yi-

II. SYSTEM AND CHANNEL MODEL

g i
UE; : Far user

Fig. 1. Tllustration of the proposed dCDD-based cooperative NOMA system
with L RRHs and two users, UE; and UEs.

Fig. 1 illustrates a block diagram of the cooperative NOMA
system, which comprises a single CU, L RRHs, and two users,
ie, UE; and UE;. The set of RRHs, {RRH,;}, /..,
appears as the first group. Similarly another set of RRHs,
{RRH; iL:]M , appears as the second group. Only one antenna
is assumed to be deployed at each of the two users and
RRHs due to hardware and power constraints. It is assumed
that UE; is farther away than UE; from the RRHs, so that
ULE; appears as a far user in the considered system. For this
cooperative and distributed system, the CU specifies how to
control L RRHs [11] via dedicated highly reliable backhauls
[14], {b;}/~,. The CU forms two independent data signals,
s1 and ss being transmitted simultaneously to UE; and UEs.
Half-duplex constraint is assumed for all the users and RRHs.

As a transmit diversity, dCDD is employed [11], [12]. It
has been known that the maximum number of RRHs for
dCDD is limited by the transmission symbol block size!
and the maximum number of multipath components over
channels connected from L RRHs to UE; and UEs. Thus,
this paper investigates only a finite-sized cooperative NOMA
system comprising a finite number of L RRHs for full dCDD
operation and two users. By employing appropriate channel
sounding schemes or channel reciprocity [15], we further

ISince CP-SC transmission is used in the considered system, transmission
symbols s1 and s2 are composed of B modulated symbols.

assume that each user is able to know the maximum number
of multipath components of the channels connected to itself.
Since the considered system employs intersymbol interference
(ISD)-free cyclic-prefixed single carrier (CP-SC) transmissions
[16], [17], each user needs to feed back the maximum number
of multipath components of the channels connected to itself.

The following channels are assumed in the proposed system.

o Channels from L RRHs to UE; and UEs: The multipath
channels from the mth RRH to UE; and UE; are
respectively given by

am = \/ (dl,m)_ELgm and fm —

where g, and f,, identify the mth frequency selective
fading channel with Ny ., 2 |gm| and Ny, 2 | fml
multipath components. The distances from the mth RRH
to UE; and UE, are respectively given by d;,, and
d2,m. The path loss exponent over channels g,, and f,,,
assumed to be identical, is denoted by er,. In addition,
we assume that dy ,, # dv,, and da ,, # d2n, VM, 0.

o The multipath components of all frequency selective
fading channels are assumed to be independent and iden-
tically distributed (i.i.d.) according to CA(0, 1). However,
due to different distances from L RRHs to UE; and
UEs, a composite frequency selective fading channel
comprising small and large-scale fading is distributed
independently but non-identically distributed (i.n.i.d.) in
the whole system.

(o)~ fn (1)

A. Summary of dCDD for CP-SC transmissions

1) Limited information fed back by UE; and UE,:

o Without perfect CSIT of the channels connected
to UE; and UE,, it is necessary to compute
the maximum number of multipath components,

that is, Ng.cp & max({Ng,m]’anzl)
Nycp = max({Ny}%_,). Based on them, the CU

first computes Ncp as Ncp = max(Ny cp, Nycp).
After then, the CU computes the number of RRHs for
dCDD as K = |B/Ncp], where |-] denotes the floor
function. Due to an assumption of an underpopulated
distributed system, the considered system has L < K.

e The channel magnitude of §,, estimated by UE; is

and

. A .
given by A, = ||gm|/?>. Due to very reliable channel
estimation made by UE;, we assume g,, =~ g, Ym.
For available L channel estimates, UE; arranges them as

follows: 0 < Ajyy < -+ < A1y < oo. After then it feeds

back a list, X, 2 [(1),(2), ..., (L)], specifying channel

magnitudes arranged in an ascending order. Based on
Ngp and X, the CU can divide the whole RRHs into
two groups, after then apply CDD delays.

B. dCDD for CP-SC-NOMA Transmissions

Considering that UE; and UEs are respectively far and
near users [13], more transmit power should be allocated
to the signal of UE; according to the NOMA principal. To



meet these heterogeneous constraints and considering only L
available RRHs, we modify dCDD as follows:

e Based on X, the CU divides L RRHs into two groups.
The first group composed of M RRHs, and indexed by
the set Sy 2 (L—M+1),...,(L)] C X, transmits $7.
Similarly, the second group, composed of the remaining
(L — M) RRHs, transmits so. The second group is
indexed by the set Sy 2 [(1),...,(L—M)] 2 X,—S.

« Since Ss is determined by the CU based on the channel
connected to UEq, it should be shared with UE,.

Having applied dCDD, the received signal at UE; is given by

neVaE Y

m=L—M+1
—M
[\/agp Z i m

where P is the peak transmission power at all the RRHs, and
G () denotes the right circulant channel matrix determined
by g(m)- The additive noise over all the channels is denoted

by z1 ~ CN(0,021

(dl,<m))7€L/2é<m)§1,m+

)y"2G +z1 (2

J1

(m)§2,m

p). In addition, oy and as 29 o
respectively denote power allocation coefficients for UE; in
transmitting s;. The mth transformed block symbols 1 ,, and
§o. are defined as 31, = Pa, 81 and 82, 2 Pa, 8o,
where m € Sy and m € Sy. The permutation shifting matrices
Pa, € CB*B and Pa,, € CP*8B can be obtained from the
identity matrix Ip by respectively circularly shifting down by
A, and Ay, Note that [-] 7, is the interfering signal at UE;.

With the use of permutation matrices, we rewrite (2) as
follows:

L
=Va Z (di,(my) " "2G () P, 51+

m=L—M+1
L—M

VG2 (dr,(my) " "*G 1y Pa .82 + 21 (3)

m=1

where & = a1 P, and @ = a9 P,. In addition, é<m>PA
and G (,,) Pa, are right circulant matrices.
Similar to (3), the received signal at UEy is given by

Ve Y

m € Si, \Sﬂ*M
m

[So|= L M

m

(d2,m)7€L/2FmPAm 81+

m) YPE,Pa sy +20 (4

where we assume that z9 ~ CN (o, 021Ip). Since E,,, deter-
mined by fm, is right circulant, F},, P, and FmPAm are
right circulant matrices as well. From (3) and (4), we can
extract the following facts:

o The order statistics are related to large-scale and small-
scale fading, and the CDD delay assignment for UE;,
so that it is necessary to use them in analyzing the
performance of UE;.

o The selection mechanism for S; and Sy will be crucial in
achieving the rates of UE; and UE, under the near-far

user pairing constraint. However, the CU has only Ncp,
Xy, S1, and Sy for controlling the RRHs by the dCDD
protocol.

III. PERFORMANCE ANALYSIS OF CP-SC-NOMA
TRANSMISSIONS WITH DCDD

UEs first decodes s;, after then decodes s2. According to
(4), the receive SNR in decoding s; is given by

Yo fwl?

m € S1,[S1|=M

S ful? 0

m € Sg,‘Sg‘:L—M

alps

V2,81 = )

QQPS

where we have assumed that E{s;} = 0 and E{s;(s;)} =
Ip, for j = 1,2. In addition, E{s;(s;)?} = Ipd;,—;; with
the Kronecker delta function, §; = éo it 1 #0 After then,

1 ifI=0.
assuming s; is perfectly decoded, UEy decodes ss, so that
the SNR in decoding s2 is given by

>

m € S2,[S2|=L—-M

| Fnll?/ Bo,m (6)

V2,85 = Q2

where 1/82.m 2 Ps(da,m) =" /02
of v2,5, is given by

. Based on (6), the PDF

g"’i

2. >

iz € S2, jz=1
[Sg|=L—-M

B2,ig®

O, .- (i3, j3) yio—le %3

I'(j3)(c2)’s

f'Y2,32 (z) =

where 01, 1, (i3, j3) denotes the partial fraction coefficients.
According to (3), the SNR for decoding s; by UE; is given
by

a1 O
Vi = X %)
Y DM
A L A
where CEM = >~ gy l1P/ By my Diin ™
m=L—M+1
A
Z Gy 12/ B1,(my» and 1/By imy = p(d (my) . From

(7) we can see that in contrast to the expression for s 4,
the order statistics are involved in the expression for i ;.
In addmon due to the use of the order statistics, C,fm])‘f
and Dm’ln are correlated with each other. From these
challenging difficulties, it is necessary to derive their PDFs. We
first derive the PDFs of CL:M and DXL~ in the following

Corollary 1.

Corollary 1: Denote Yi = ||y |12/B1.(xy the kth smallest
instantaneous SNR. Using the spacing StatIStICS [18], [19],
alternative forms for CEM and DX~ can be derived,
which are uncorrelated with each other. Then, we can compute

the target PDFs as follows:

L— MV¢3+1

fopru@ =33 3 F

min iz3=1 jz=1

M H14+1

ch@=>> >

max ig=1 js=1

nL.L—M (2 :
3"]3) 7£j3xxJ3*17

maxL M 147]4) 7@;41:6‘]‘471 (8)



Z’ Z’ {5.7'387 Vjas}’

max min

{Cju5, 1,8} are defined in Appendix A. In addition,
-) and E, .. (-, ) denote partial fraction co-

where unspecified terms,

EminL’L*M ('a
efficients.

Proof: See Appendix A. ]
Based on (8), the PDF of 7, 5, can be derived as (9), provided
at the top of the next page.

A. Analysis for Achievable Rate

a) Achievable rate of UEs:
is given by

The achievable rate of UE5

RQ#(Likf) = / 10g2(1 + ‘T)f'yzsg (x)dx' (10)
0
1 p 9LL M Or,L—m(is, J3)
Ry (n—my = log(2) Z Z ) ()
i3 € Sa, ‘S2| L—M j3=1
B2,is\—ds 41,3 ( B2is | 1 —g3,1,1
Xk G ( 513 354 ) 11
( s ) 32\ 7, i.0 Y

where the Laplace transform of a particular Meijer G-function
[20, eq. (07.34.22.0003.01)], [21, eq. (2.24.3.1)] is used for
the derivation.

b) Achievable rate of UE1: The achievable rate of UE;
is provided in the following Theorem 1.

Theorem 1: The dCDD-based CP-SC-NOMA transmission
provides UE; with the rate provided by (12), which is pro-
vided at the top of the next page.

Proof: See Appendix B. ]

N T C denotes
the generalized bivariate Meijer G- functlon [20, eq.

(07.34.21.0081.01)] and [22].

IV. SIMULATIONS
We assume the following simulation setting.

e For CP-SC transmissions, we assume that B = 32 and
Ncp = 6. Thus, the CU can support up to five RRHs for
dCDD.

 Five RRHs are placed at {(0,12), (—12,12), (—3,12),
(—9,12), (—16.9145,6.1564)} in a 2-D plane. When
L < 5 RRHs are selected for dCDD, we choose the first
L RRHs for the simulations.

o The two users, UE; and UE,, are respectively placed at
(3,—3) and (—3,3).

o According to [23], we assume that e, = 2.09.

« We consider a non-identical number of multipath compo-
nents and a non-identical distance between two nodes in
the system. Thus, non-identical frequency selective fading
is assumed for all the channels in the system.

e We use a fixed P, = 1 for the whole link-level simula-
tions.

The curves obtained via link-level simulations are denoted
by Ex, whereas analytically obtained performance curves are
denoted by An.

Since the derivation of a closed-form expression for

Ry, (), expressed by (12), is challenging in the proposed

system, we first verify its accuracy comparing with the cor-
responding exact rate provided in Fig. 2. The corresponding
rate of UE; is provided in Fig. 3.

For various combinations of (L,M), «i, a9, and
(Nf,m,Ng,m), Figs. 2 and 3 show that (12) and (11) provide
accurate analysis for the rates of UE; and UE,.

A. Rate analysis

a) The impact of the cardinality of S1: We use a fixed
a1 = 0.9 and {Ny,}%_, = 2 to investigate the impact of
the cardinality of set S; on the rate. In Fig. 4, we use fixed
IS1] = 2 and |S;| = 3 for two values of L. This figure shows
that at a fixed |S;|, more RRHs in S; results in greater rate
up to a certain SNR. However, in the high SNR region, an
asymptotic rate advantage is determined by the ratio of |S;|
to L. Thus, we can see that 12y (43) > Ry (5,3). Similar results
can be seen with [S;| = 2, i.e., Ry (4,2) > R1 (5,2). Form these
observations, a greater |S;| does not guarantee a greater rate
in the asymptotic SNR region.

b) The impact of power allocation to RRHs specified by
S1 and Ss: For four RRHs and |S;| = 3, we investigate
the impact of a; on the rate of UE; and UE; in Fig. 5.
In this scenario, only one RRH out of four RRHs is used
to transmit so. This figure shows that as «; increases, UE;
achieves a greater rate, whereas UE, achieve a lower rate since
less power is allocated to RRHs specified by So. This figure
also shows that Ry (;,_ps) increases as the SNR increases,

whereas 1%y (1, ar) is upper bounded by its limit since 71 s,

C M
7]; Zmax . ag the SNR increases.
«

is approximated by v1 s, =
That is, UE; enters the interference-limited region. From these
observations, the sum rate is like a double-edged sword. If
the pair of (L, M) and the power allocation are not properly
handled, the sum of rate will be dominated by UEs, which
violates the near-far user pairing constraint. Since the CU
knows only X, and controls oy, every pair of (L, M) is not
possible to meet this constraint. For |S;| = 2, i.e., two RRHs
are assigned to transmit sg, we can see distinctive results in
Fig. 6 comparing with those of Fig. 5. For the considered
scenario, (L = 4,M = 2,04 = 0.6) and (L = 4, M =
2,1 = 0.7) are not feasible user pairs. Although other pairs
(L=4,M =2, =0.8) and (L =4, M =2,; = 0.9) are
feasible, they have limited operating SNR ranges to support the
near-far user pairing. These observations suggest the following
RRH assignment and power allocation mechanism:

o A larger [Sy] results in Ry (1 a1y > Ro (- s0 that it
is necessary to assign more RRHs to transmit s;.

« Due to the existence of the interfering signal at UE;, the
CU needs to assign more transmit power to the RRHs
specified by S;.
¢) Comparison with OMA with dCDD: For various sys-

tem parameters, Figs. 3 and 4 show that NOMA with dCDD
achieves superior rate comparing with OMA with dCDD for
both users.

V. CONCLUSIONS

In this paper, we have proposed a new transmit diversity
scheme for the two-user CP-SC NOMA system. To support the
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Fig. 2. Achievable rate of UE; for various system parameters.
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Fig. 3. Achievable rate of UE» for various system parameters.

near-far user pairing, a new joint RRH assignment and power
allocation mechanism for dCDD based CP-SC transmissions
without requiring perfect CSIT of the whole channels at the
CU has been proposed. For i.n.i.d. frequency selective fading
channels, new closed-form expressions for the rates of two
users have been derived. Its accuracy has also been verified.
By link-level simulations, it has been shown that every pair
of (L, M) is not supported for the whole range of power

SNR [dB]

Fig. 4. Achievable rate of UE; for various pairs of (L, M).
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Fig. 5. Achievable rate of UE; and UE2 for various values of o with
Ngm = Nfm =1{2,4,3,3}, L =4, and |S;| = 3.

allocation for the CP-SC NOMA system due to the near-far
user pairing constraint.

APPENDIX A: DERIVATION OF Corollary 3

iy 12/ B, (m)

A

Let A,y be defined by A,y = [|g
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The PDF  of

5\<L_M> can be written as

a) PDF
A ~
Yi = Ay,

L,L—M
Of Dmin
4

joint
) YL*M

L per (ALL=MY (A1)

YL-m) = 30 min

fY17Y2-,---7YL—Z\/I (yla Yz, . .-

where the permanent matrix, Per(Aﬁuﬁ M), is defined as
follows:

Iyva (1) fri(yr—m) FYl (yr—mr)
ALL-M _ : : )
i fyi (Y1) Fyo(r—m) Fyy (yo—m)
1 1 M
=~ ~~ ~~

where Fy, (yz) and fy, (yx) are the complementary CDF
(CCDF) and PDF of Y;, i.e., the kth smallest SNR. Their
expressions are given by

I il N-, 7[3., )
) = LU g
9,

(Byp)Nok BLi)™ o ke ) o

A2
F(Ng,k) ( )

fvi(yr) =

-) denotes the lower incomplete gamma function.
a; as

Furthermore, 7 J

N N~

The moment generating function (MGF) of

where 7, (-,
denotes ¢ copies of a; and j

copies of as.

Dﬁl"iﬁfM can be defined as
DL L M
/ / / / Lo ™™ (s)dyp 1 - - dyady
Yyr—-mMmM—-2 YYL—-—M—1
where I":L=M () is given by
LL-M,_ L o=y L.L—-M
Imln (S) - We =1 %/ Per (Amm ) (A.3)

Having applied spacing, that is, Y3, = Zle Xy, Mpyro—(s)
can be evaluated as (A.4), provided at the top of the next page.

L—M M
=5 G =[] (B, )"

In (A.4), we have defined j3; T( )
My

j=1
Cy = Hg L1 (Bny)B /T + 1), Mg =

L 3 L
Zj:LfMJrl li+mp, v — 1, and Bmin = Zj:LfM ﬁ"j‘
In additon, C3 2 (L — M)™ YL - M -
T e s A R VNS S (7
Df(vp-m + 1), & = mzj i B

1"’2 p fori =1
. = 1 j=2 Pji
g {Z? szj,i for2 <i<L-—M,

denotes the sum of positive integer indices

{ps1,...,psa} satisfying >°F | py; = b. After applying the
partial fraction to A; in (A.4), and the inverse MGF, the PDF

can be derived as follows:

L-Muvitl o v (i )
o) =3 3 5 Pttt oD it a )
e min =1 j=1
b) PDF  of CLM. The joint PDF  of
Yr—nms 2 5\<L_M+1>, ce, Y = :\<L> can be written as
1
fYL—JWJrl;vaL (y17 Y2,y .- 7yM) = mper(Aé;\f) (A.6)

where the permanent matrix, Per(ALM) is determined as
follows:

Fi(y1)  fi(yr) fi(yar)
ALM A : : : )
e Fr(y1) fo(y1) fr(ym) A7)
L—M 1

where Fi(-) = 1 — F(-) denotes the CDF of Y. The MGF
of CL:M can be defined as

max
Y1 YMm—-2 JYYM—1

where I1:M(s) is given by

Iy M( )dyn - .. dyr

L Z\/I max

Chnax

1
LM — ] e * (5 v Per(ALMY (A8)

After some manipulations, Mz m(s) is given by (A.9)
provided on the next page. In (A.9), we have defined

D, 2 at (ﬁnj)mnj I; JAN " tk bt 4
1 = H F(mn]) l = Z Lt+1> Mmax = Mnp; —
j=1 t=0
L A L
1+ Z and Dy = (] cqj) with C,, =
=M+ j=M+1
_ Bn ) j.t+1
zl:< > ITis T I
—
qj:O Kj1sos kj, 7nn] k]) Qk M

kjat.+kj, Mo =1

N (Zj\il B +EJL:M+1 Bn;aj) fori — 1
addition, (; = s M . ,
(.7\2;:71'-{-1]) for 2 S (3 S M
M
Wi = Mmax + j:Z2q-jx1 for i=1 ,Dg = (M)7#1*1
S i for2<i< M
(M — 1)7“271 o 27#M’171F(,LL1 +1)...T(unr + 1). Thus,
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ni#Enet. . Enr_ g 2122:1;,2 J—"
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> et H(sm ) - ZH(H& ). @
PL—M,1:PL—M,L—M Hl_l PL- Ml i=1 min =1
ZiLLiﬂfwzl PL—M,i="min
Ay
I'(m T'(m
My = Y b, Y Dme) oy Tl
LIy Ye P2,1:P2,2 Hi:1p2,i! P3,1,P3,2:P3,3 Hi:1p3,i!
niFngF .. Fnyp P2,1+P2,2=mngy —1 P3,1tP3,2+P3,3=mng—1
M M
L (mn,,) —pi—1 —pi—1
3 Dy ([T + 1) = 3 (TIs+6)™). (A.9)
PM, 1+ PM,M HizlpM,i' i=1 max =1

par,it P, m=mn g, —1

Az

after applying the partial fraction to Ay and then the inverse
MGTF, the PDF can be derived as follows:

M pitl

E e (i j)e_Cittj_l
S

max (=1 j=1

Forau( (A.10)

max

APPENDIX B: DERIVATION OF Theorem 1
The rate, Ry (ar,0— ), is given by

RL(M,L—MF/ logo(1+ ) fy, ., (x)dz.  (B.1)
0

To compute (B.1), we first express the following functions of
z in terms of meijer-G functions:

1
Ja—1 _ ,2 ]45.]4
log, (1 + z)a log(2)G 2( Jasja—1 )
Cig .
e = (Cl4 ’ 0 ), and
a2(i, -1 1,1 ( 02Gis ’ 1-— l —J —i-
=Gy 4 ]3

(Fre+e) " =on(T )(€0)

Having applied [24], we can derive (12).
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