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Abstract—In multiuser relay systems, if the relay does not have
sufficient degrees of freedom to eliminate multiuser interference,
the spectral efficiency gain of two-way relay (TWR) transmission
may vanish. Signal alignment (SA) signaling is possible to recover
this gain but may suffer from a signal power loss. To improve the
spectral efficiency of multicarrier code-division multiple-access
(MC-CDMA) TWR systems, we develop an equivalent SA (ESA)
signaling procedure. Simply by aligning the received symbols after
despreading instead of aligning the received signals as in SA sig-
naling, ESA signaling has more feasible solutions than SA signal-
ing, and its performance and complexity depend on the spreading
sequences. This allows us to improve the system performance by
optimizing ESA signaling and to reduce its complexity by design-
ing the spreading sequences. Specifically, we develop optimal ESA
signaling to maximize the signal-to-noise-ratio (SNR) under the
interference-free constraint. Then, we design the spreading se-
quence to obtain a low-complexity ESA-based frequency-domain
equalizer (FDE), i.e., ESA-based one-tap FDE, and to provide
the maximal diversity gain for the one-tap FDE. Both theoretical
analysis and simulation results demonstrate that ESA signaling is
more spectral efficient than SA signaling for MC-CDMA TWR
systems.

Index Terms—Equivalent signal alignment (ESA), frequency-
domain equalizer (FDE), multiuser interference (MUI), multiuser
two-way relay (TWR), spectral efficiency.

I. INTRODUCTION

WO-HOP communication systems using half-duplex
relays suffer from a prelog factor 1/2 in the capacity
expression [1], [2]. To mitigate such a loss in spectral
efficiency, significant efforts have been devoted to develop
spectral efficient relaying techniques [3]-[5]. Two-way relay
(TWR) communication is one of the attractive techniques,
which completes the data exchange between one or more pairs
of users through two phases.
In multiuser TWR systems where multiple pairs of two users
exchange their messages, the received signals of the users
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consist of both self-interference (SI) and multiuser interference
(MUI). SI is the previously transmitted information of a user
that returns to itself, which can be removed by SI cancellation
(SIC) [6]. Various techniques have been developed to man-
age the MUI in multiuser TWR systems [7]-[12]. The TWR
schemes in [7]-[9] treat the signals of K pairs of users as
2K independent signals. To remove the MUI thoroughly, the
relay needs at least 2K degrees of freedom (DoFs), such as
2K codes, subcarriers, or antennas. As a result, these TWR
systems achieve the same spectral efficiency as the two-hop
relay systems, which use 2K DoFs to assist 2K pairs of users in
four phases. When one pair of users employs signal alignment
(SA) signaling [4] to compress their signals into a superimposed
signal at the relay, the relay can forward the superimposed
signal by network coding [13], [14]. Consequently, the TWR
with SA signaling can use K DoFs to support K pairs of users
in two phases, which recovers the spectral efficiency gain of the
TWR in the high signal-to-noise ratio (SNR) region.

SA signaling was first proposed in [4] for multiple-
input—multiple-output (MIMO) TWR systems. In [15] and [16],
the precoder at the base station is developed and analyzed for
aligning the signals from one pair of users in MIMO TWR
cellular systems. It has been shown that the SA signaling
procedures in [15] and [16] do not always outperform non-SA
(NSA) signaling [17], because the transmit vectors lead to a
signal power loss when encountering the alignment constraint.
Fortunately, in multicarrier code-division multiple-access
(MC-CDMA) TWR systems, there is more than one way to
align the signals. Thus far, the existing studies [4], [15], [16]
focus on how to find a feasible SA signaling procedure for TWR
systems. However, how to find the optimal SA solution that
recovers the spectral efficiency gain of the TWR for all SNR
levels is still an open problem.

In this paper, we develop an equivalent SA (ESA) signaling
procedure to improve the spectral efficiency of MC-CDMA
TWR systems. By exploiting the feature of MC-CDMA signals,
ESA signaling aligns the received symbols after despreading,
whereas SA signaling [4] aligns the received signals directly.
Although the idea is simple, such a difference brings various
benefits that will become clear in the following sections. First,
there will be more ways to align the symbols than to align
the signals; therefore, it is possible to optimize ESA signaling
that maximizes the SNR while ensuring MUI-free transmission.
Second, ESA signaling ensures MUI-free transmission even
when the spreading sequences are not orthogonal, but SA
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Fig. 1. Multiuser TWR system with K pairs of users assisted by a single relay.

signaling cannot ensure such transmission when the relay has
no channel information. Finally, the complexity and perfor-
mance of SA signaling only depend on the channel response,
but those of ESA signaling also depend on the spreading
sequences. This allows us to reduce the complexity and to
improve the performance by judiciously designing the spread-
ing sequence. Specifically, by decomposing and designing
the spreading sequence, we develop an ESA-based one-tap
frequency-domain equalizer (FDE) and provide the maximal
diversity gain for the one-tap FDE. To show the performance
gain and further optimize ESA signaling, we derive closed-
form expressions of the asymptotic spectral efficiency for
MC-CDMA TWR systems. Theoretical analysis and simula-
tion results show that the proposed ESA signaling is spectral
efficient for MC-CDMA TWR systems under various system
settings.

The remainder of this paper is organized as follows: In
Section II, we describe the system model. Then, we propose
ESA signaling in Section III. In Section IV, we analyze the
spectral efficiency of MC-CDMA TWR systems using our ESA
signaling. Simulation results are provided in Section V, and
finally, our conclusions are drawn in Section V1.

Notations: Conjugation, transpose, Hermitian transpose,
and expectation are represented by (-)*, (-)T, (-)¥, and E{-},
respectively. The trace of a square matrix is denoted by tr{-}.
diag{---} denotes the diagonal matrix, and || =
denotes the norm of vector .

rHy

II. SYSTEM DESCRIPTION

We consider an MC-CDMA TWR system with M subcar-
riers, as shown in Fig. 1, where K (K < M) pairs of users
exchange their messages through a single half-duplex relay.

A. Transmitter at the Users

In a multiple-access channel (MAC) phase, the kth pair
of users Ay and By uses two M-length frequency-domain
transmit vectors w4, and wp,; to convey their symbols
d4, and dp,, respectively. Transmit symbols d4,,...,da,
and dp,,...,dp, are independent and identically distributed
(i.i.d.) random variables satisfying E{d4,} = E{dp,} =0
and E{|d4,|*} = E{|ds,|*} = Py, where Py is the maximal
transmit power per symbol at each user. To meet the transmit
power constraint, the transmit vectors satisfy wf{ktw At <1

and wgc ;wp, ¢+ < 1. The frequency-domain received signal at
the relay is expressed as

K

Yr = > (Huwada, + Hpwp,dg,) +nr (1)
k=1

where H.Ak:diag{H.Ak,la- .. 7H-Ak,JVI}’ HBk:diag{HBk,la- ‘e
Hp, ,, }. whose diagonal elements denote the frequency-
domain channel responses over M subcarriers from the kth pair
of users to the relay, ng is the M-length zero-mean Gaussian
noise vector with a covariance matrix E{ngnf} = o3I,
and 0% is the noise variance at the relay.

B. Transceiver at the Relay

If the SA signaling in [4] or our ESA signaling that will
be introduced in the following is employed by the users, the
symbols coming from one pair of users are aligned at the relay.
In a broadcast channel (BC) phase, the relay can forward the
superimposed symbols by various network-coding strategies in
TWR systems. Two of the most popular strategies are physical-
layer network coding (PNC) [13] and analog network coding
(ANC) [14]. PNC can be used for estimate-and-forward (EF)
[18], whereas ANC can be applied for amplify-and-forward
(AF) [19].

1) PNC: The EF relay [18] first employs a linear receiver
wg,» to detect the superimposed symbol from the kth pair of
users, i.e.,

dﬂk = dAk + dABk = wgk’!yR (2)

then decodes the bitwise XORed message b AcB, from (2) by
applying the PNC mapping principle in [13], where b@k =
ba, ® bp,,and b, and b, are the messages coming from users
Ay, and By, respectively. Then, the EF relay modulates b AoB,

into d AcB, and employs a linear transmitter ww, ; to broadcast

d AsB, 1O all users. The forwarded signal is

K
EF 5
xR’ =Y /o wridacs, 3)
k=1
where ot = 2P /tr{wg,,wf ,} is an amplification factor

to meet the relay transmit power constraint, and Py is the
maximal transmit power per symbol at the relay.

2) ANC: When using ANC, the AF relay employs a linear
processor to forward the received signal directly. The forwarded
signal can be expressed as

K

AF _ AF

TR —Z  WR, YR “4)
k=1

where wg, = katwgkr is the transceiver of the AF relay,
which can be decoupled into a linear receiver for the MAC
phase and a linear transmitter for the BC phase without per-
formance loss [20], and ¥ = 2P /tr{wr, E{yryp Jwq, }
is the amplification factor.
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C. Receiver at the Users

We assume that channel reciprocity holds for the TWR
channel, i.e., the channel matrices from the relay to the kth pair
of users are H ik and H gk , respectively. Then, in the BC phase,
the received signals at the kth pair of users are, respectively,
expressed as

yu, = HY xr +na, ys = H oz +ng, (5

where n 4, and np, are the M-length zero-mean Gaussian
: : H _ HY _ 2
noise vectors with E{n 4, ny } = E{ng, ng } = 0j;Is, and
o7, is the noise variance at each user.
The received symbols are estimated as

. H o H
ZA, = WAL YA, ZB = WE,,YB, (6)

where w 4, and wp, ,» denote the receive vectors of users Ay,
and By, respectively.

When different network coding strategies are used, the sym-
bols from one pair of users are superimposed in different ways.
Then, the users need to employ corresponding SIC methods to
extract the desired signals or messages.

1) Bit-Level SIC: When PNC is applied, users 4 and By
decode the bitwise XORed message bacp, = ba, ® bp, from

; KA 1Bk
(6), respectively. Let b ABB, and b Abp, Tepresent the decoded

messages, the users can recover their desired message by the
bit-level SIC [5], i.e.,

bs, = bihs, @by ba, = s © s, (7)

2) Signal-Level SIC: When ANC is considered, users Ay
and Bj, demodulate the superimposed signal d ALB, = da, +
dp, from (6), respectively. Let d&k and d@k denote their
demodulated signals, the users can estimate their desired sig-
nals by the signal-level SIC [5], i.e.,

dBk = d&k - d.Ak dAk = J@k - dBk~ ®)

III. SIGNAL ALIGNMENT DESIGN

Here, we will introduce an ESA signaling procedure for
MC-CDMA TWR systems. We first investigate the transmis-
sion in the MAC phase and then extend to the BC phase
considering the duality.

We assume that each user only has the channel state infor-
mation (CSI) between the relay and itself, whereas the relay
has no CSI about any user. Note that the required CSI is much
less than those in many existing TWR systems, where each
user has the CSI of one pair of users and the relay has all
the CSI [5]. This can reduce information exchange between
the relay and the users since the CSI is obtained by broad-
casting training sequences to all users during the procedure of
initialization.

A. SA-Based FDE

To introduce ESA signaling, we first investigate the SA
signaling in [4] as a starting point, where the transmit vectors
of one pair of users in the MAC phase satisfy

where h 45, is an aligned signal vector.

In MC-CDMA systems, M x M channel matrices H 4, and
Hp, have rank of M with a probability of 1; therefore, they
are both invertible. Consequently, we can align the signals
to an arbitrary vector h 45, by simply designing the transmit
vectors as

Wy, = H;& hap, wp = HfgklhABk- (10)

Considering that the relay has no CSI, it is impossible to
apply a zero-forcing (ZF) receiver at the relay to eliminate the
interference among multiple user pairs. To provide MUI-free
transmission, each pair of users can align their signals to an
orthogonal spreading sequence as in [10], i.e., h 45, = /i Cp.
Then, we have

Wyt = \/OzkH;liCk wpa,t = \/OékH;gklck (11D
where CC=Iy, C=[c,,. .. ck], and a = min{a5, a3t
is a scaling factor to satisfy the transmit power constraint of

users,’ i.e.,

1 1

SA _ _
|Hled® eff (HuHE) e

Uk

s up = Ap, By.

12)

Since H 4, and Hp, are diagonal matrices, the transmit
vectors shown in (11) are in fact one-tap pre-FDEs. In the
sequel, we call them SA signaling or SA-based FDE.

Now, the relay can simply employ a matched filter (MF) to
eliminate MUI completely, i.e., W,. = C. Then, we have

C"H q,wa, = CY"Hp wp, = Jorey  (13)
where ey, is a basis vector with its kth entry being one and the
other entries being zeros.

Unfortunately, SA signaling does not always outperform
NSA signaling. This is because it suffers from a severe signal
power loss due to the channel inversion operation in (11). In
the following, we will introduce the ESA signaling procedure

that can recover the power loss by exploiting the feature of
MC-CDMA signals.

B. ESA-Based FDE

In MC-CDMA systems, the MF at the relay plays a role to
despread the received signals from M signals to K symbols.

Because each user only has the CSI between itself to the relay, user Ay, only
has a4, . To provide o, for user Ay, the relay needs to estimate s, from
the received signal power of user By, and forward it to user Ay, and vice versa.
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In fact, (13) can be viewed as another kind of SA signaling,
which aligns the symbols after despreading instead of aligning
the signals before despreading as in (9). We refer to (13)
as ESA signaling. Since transmit vectors w 4, and wp,; are
performed in the frequency domain, we also call them ESA-
based FDEs. Although the idea is simple, ESA signaling brings
many benefits.

First, ESA signaling has more feasible solutions than the
SA signaling procedure in (11). Take the transmit vector of
user 4, as an example, to align the signals before despread-
ing, i.e., H 4, wy,; = \/orcy, there are M equations and M
variables, which results in only one SA solution. By contrast,
to align the symbols after despreading, i.e., CHHAk, WAt =
\/aey, there are K equations and M variables, which leads to
(M — K +1)" ESA solutions, where 27 = max{x,0}. This
implies that we can find an optimal w 4,; to improve system
performance.

Second, it is necessary for SA signaling to employ orthogo-
nal spreading sequences to provide MUI-free transmission. By
contrast, since cfHAkwAkt =0, Vj # k, as shown in (13),
ESA signaling always ensures MUI-free transmission no matter
if the spreading sequences are orthogonal or not.

Finally, the complexity and performance of SA signaling
depend on the channel characteristic, whereas those of ESA sig-
naling rely on both the channels and the spreading sequences.
This indicates that we can design the spreading sequences
to reduce the complexity and improve the performance of
MC-CDMA TWR systems with ESA signaling.

1) Optimization of the ESA-Based FDE: Since we consider
a practical scenario where each user only has the CSI between
itself and the relay and thereby does not know the interference
power, we employ SNR as the optimization goal. Specifically,
we optimize the users’ transmit vectors to maximize the SNR
under the MUI-free constraint. In other words, we try to find an
optimal ESA signaling procedure that satisfies (13) in a sense
of maximizing the SNR, which is an effective way to deal with
the power-loss problem arising in SA signaling.

Substituting (13) into (1), it is not difficult to derive the
received SNR of the kth superimposed symbol in the MAC
phase as ayPy/o%. Given the signal and noise power, max-
imizing the SNR is equivalent to maximizing «j. Under the
ESA constraint in (13) and the transmit power constraint at the
users, the optimization problem is formulated as

max ay (14a)

WAt WBt
st. CTH j wy, = Jarey (14b)
C"Hp, wp, = \/arey (14c)

w o wa <1 wy wee <1. (14d)

It is not hard to solve the optimal w 4, ; and wg, ¢+, which are,
respectively, the least-squares solutions of (14b) and (14c¢), i.e.,

wa = VarHYE C (CTH 4 HY C) ' ey

-1
wp, =orHE C(C"Hp HE C) "er  (15)

where o, = min{a§5*, a4}, and

ESA __ 1
- H P
|\HiC(C"H,HLC) e

1
= 7 e up, = Ag, Bg.
el (C"H, H C) e

(16)

We refer to (15) as Max-SNR ESA signaling or Max-SNR
ESA-based FDE. Substituting (15) and (11) into (13), we can
see that both SA and ESA are feasible solutions of optimization
problem (14).

Denote N = M/ K as the spreading factor and K /M as the
system load factor. Considering the processing capability of the
linear transceiver, we do not investigate the case of N < 1, 1i.e.,
the system is overloaded. Therefore, in this paper, spreading
factor N is always greater than or equal to 1. When N = 1, i.e.,
the system is fully loaded, Max-SNR ESA signaling is equiva-
lent to SA signaling. If NV > 1, i.e., the system is underloaded,
ESA signaling is the optimal solution, which implies that
Max-SNR ESA signaling outperforms SA signaling.

2) ESA-Based One-Tap FDE: In (15), C"H, H! C is
no longer a diagonal matrix. This means that the Max-SNR
ESA-based FDE is of high complexity. To develop an
ESA-based one-tap FDE, we design the spreading sequence in
the following.

Note that an arbitrary M x K matrix C' can be decomposed
into an M x K matrix P and a K x K unitary matrix U, i.e.,

C =PU. (17)

If we regard C' as the spreading sequence matrix and each
column of U as the orthogonal sequence after despreading,
then P reflects the relationship between the sequences before
and after despreading. Since U denotes how to separate the
users to provide multiplexing gain and P denotes how to spread
signals to provide frequency diversity gain, we call U the
orthogonal code matrix and P the spreading matrix. Therefore,
(17) implies that the spreading sequence plays two different
roles, and these roles can be decoupled.

Proposition 1: We obtain an ESA-based one-tap FDE when
the elements of spreading matrix P satisfy

Vi #£i

i.e., there is no more than one nonzero element in each
row of P.

Proof: Substituting (17) into (15), the ESA-based FDE
can be rewritten as

P jPm: =0 (18)

Wy, =arH. P (PYH, HY P)" Uey, up=Ay, By
19)
From (18), the (i, j)th element of P H ,,, ka P becomes

M
Z Pm,iPmaj|Huk,m|2 =0

m=1

Vi # j (20)
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for arbitrary |H,, ,|?,...,|Hy, ,|*. which means that
PiH e H ffk P is always diagonal. Therefore, (19) becomes
the ESA-based one-tap FDE. |

Comparing (15), (19), and (11), we can see that the com-
plexity of the ESA-based FDE mainly depends on the inversion
of the K x K matrix, which is of order O(K?). In contrast,
the complexity of the SA-based FDE depends on M scalar
divisions and that of the ESA-based one-tap FDE depends on K
divisions, which are of orders O(M) and O(K), respectively.
Obviously, the ESA-based one-tap FDE can reduce the com-
plexity of the ESA-based FDE significantly. Compared with
the SA-based FDE, the ESA-based one-tap FDE has similar
complexity but can improve performance effectively.

Proposition 1 suggests that a low-complexity ESA-based
FDE can be obtained by constructing C' from a spreading
matrix P satisfying (18) and an arbitrary unitary matrix U.
In fact, we can further optimize P to improve the spectral
efficiency, as will be shown in the next section.

C. Duality Between the MAC and the BC

Thus far, we have investigated the transmitters of the users
and the receiver of the relay for the MAC phase. Based on the
duality between the MAC and BC phases and the reciprocity of
their channel responses, when the relay employs its receiver in
the MAC phase as the transmitter in the BC phase, i.e.,

Wri = W, =C"* @1
and the users apply the receivers
War =Wy WBr = Wp,y (22)
from (13), we have
wl HY C=wj Hj C = /ogej. (23)

It indicates that we can achieve MUI-free transmission in the
BC phase.

IV. PERFORMANCE ANALYSIS AND
FURTHER OPTIMIZATION

Here, we will analyze the instantaneous and average spectral
efficiency of MC-CDMA TWR systems using Max-SNR ESA
signaling. With the analysis, we can compare the performance
of the Max-SNR ESA-based FDE with that of the SA-based
FDE and NSA signaling and can further optimize spreading
matrix P and the power allocation among the relay and users,
given the overall power in the TWR network.

A. Instantaneous Spectral Efficiency and
Optimal Spreading Matrix

1) Max-SNR ESA Versus SA: In MC-CDMA TWR systems,
there are K pairs i.i.d. data streams forwarded by the relay over

M subcarriers in two phases; hence, the instantaneous spectral
efficiency is

K
1
=507 E log(1 + 7.4, ) + log(1 +35,) (24)
k=1

where v4, and ~p, are the end-to-end SNRs of symbols d 4,
and dp, , respectively.

In the EF relay, analogous to the analysis for the decode-
and-forward (DF) relay in [1], the end-to-end SNR can be
obtained as

VEkF = min{ﬁ)/AkyBkﬂRv "Y’RﬂBk} (25a)

V5, = min{ya, 5, —R, TR} (25b)
where 74, 5, % denotes the SNR of the user-relay link in the
MAC phase, and vz 4, and yz_.5, represent the SNRs of the
relay—user Ay, and relay—user By, links, respectively.

Substituting (15) and (22) into (1) and (6), the SNRs of the
Max-SNR ESA-based FDE can be derived as

H 2
Py |l H 4, w4, Py
YAk, Br—R = 5 I — = 5 Qg (263)
oR Cp Ck oR

_2Pr |wng£k62’2 2P

’Y’RHA}@ - 2 H — P} CVAk (26b)
Oy wAkT'wAkr Oy
H T 2
_oprp|wh, Hi 6| 2P
TR—Br, = — 35 7] = 5By, (26¢)
Oy Wg,WBr Oy

where o = min{a,,ap, }, and a4, and ap, are obtained
from (16).

Similarly, upon substituting (11) and (22), the SNRs of the
SA-based FDE can be derived, which has the same form as (26),
except that o4, and o, are obtained from (12).

In the AF relay, the end-to-end SNR of the kth pair of users
can be derived as (see the Appendix)

Py P
=R agag,
VAT = U (27a)
Kk Pr Py 1
o ag, + U%ak + 2
Py P
S Eagag,
AF _ R “u (27b)
B T P

PM 1°
o2 A T o2kt g

Substituting (25a) and (25b) or (27a) and (27b) into (24),
we can obtain the instantaneous spectral efficiency of the
MC-CDMA TWR system using the EF or AF relay, which is

K
1 (P, 2P
nEF — m E IOg (1 + min {0_7220[]@, ga[gk })
k=1

K
1 . [Py 2Pr
—‘rm E lOg <1+m1n{072€a;€,0504,4k})

(28a)
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53— QpOp,
AF IR u
= log | 1+
1 25"\ B+ B, 13
P
S
+o > log [ 1+

P P 1
2M o~ Aoy + “Fay, + 3

(28b)

When substituting o5 in (12) or o4 in (16) into (28a)
and (28b), we can obtain the spectral efficiency of the SA-based
FDE or that of the Max-SNR ESA-based FDE.

Proposition 2: When the employed spreading sequences are
orthogonal, i.e., CHC = Iy, the spectral efficiency of the
Max-SNR ESA-based one-tap FDE is equal to or greater than
that of the SA-based one-tap FDE.

Proof: Upon substituting (17), (12), and (16) can be
rewritten as

Uk

oS = (eflU" PP (H,, HE) ' PUe,)

-1

- | Pl
- § U1 E Tl (29a)
P o]
ESA _ HyrH H H -1 -1
ah = (eflUM (P"H, HI P) Ue
K 9 -1
- (> Uk (29b)

M
j=1 Zm:l |Pm7j|2|Huk,m|2

where Uy, ; is the (j, k)th element of U.
Obviously, (29a) and (29b) can be expressed as the following
unified form:

-1

Z Uy P11, (30)
where
M -1
mh = (Z IPm,jIQIHuk,m|2> (3la)
m=1
s = Z P i [P Hu |- (31b)

When CHC = Ik, ie, UYPYPU = I, we have
PIP=UU" =Ig, ie, M |P,.;?=1. Conse-
quently, T3~ in (31a) is a weighted harmonic mean of
{|Hu, .. I*}, whereas ;%% in (31b) is their weighted
arithmetic mean. The weighted arithmetic mean of nonnegative
numbers is always greater than or equal to their weighted
harmonic mean [22], i.e.,

HESA

Uk, j

T2, ue = A, By (32)

Substituting (32) into (30), we have a;>* > o;®. Further
substituting this inequality into (28a) and (28b) and after some
regular manipulations, we can obtain n®54 > 54 for both the
EF and AF relays. |

2) Optimization of the Spreading Matrix: As shown in
(29b), spreading matrix P affects the performance of the Max-
SNR ESA-based one-tap FDE. Therefore, we can improve the
performance of the one-tap FDE by designing P.

The spreading matrix essentially represents how to change
the equivalent channel after despreading by exploiting the
redundant subcarriers. From (31b), we can see that the number
of the nonzero elements in each column of P, their indexes,
and weighting coefficients, respectively, denote how many and
which subcarriers should be combined and how to combine
them. Considering that the relay has no CSI, to provide the max-
imal diversity gain, the spreading matrix should be designed to
combine the maximal number of subcarriers with the maximal
spacing and equal gain weighting, i.e., P°, whose elements
satisfy

1/VN, m=nK +j
nel0,N), je[l,K]
0, otherwise.

P S| = (33)

Proposition 3: When N > L, where L is the number of
resolvable paths, the Max-SNR ESA-based one-tap FDE with
P? can achieve the matched filter bound (MFB), i.e.,

L-1
= Z |hw,z |27
=0

where h,, , denotes the [th resolvable path in the time domain
fori=0,...,L — 1.

Proof: The channel response at the mth subcarrier can be
expressed as H,, = le_Ol o, , exp(—=i(27(m — 1)I/M)).

For optimal spreading matrix P°, when N > L, we have

up = Ay, B (34)

Hgf? Z|Huan+7|2
IS Lzlh . 2 (nkK +j—1)l
TN e P NEK
_N_l Lsz ox _2_271'(] -1l 2mnl
TN A T NK N
(35)
where ﬁuw = hy,, if | < L; otherwise, Buk,l =0.
By using Parseval’s theorem, (35) becomes
N-1 . 2
~ 2m(j — 1)l
HES? n;) hu,,, exp (_ZNK
L-1
= > (36)
1=0
Substituting (36) into (30), we obtain (34). |
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Note that spreading factor N > L is a special case for
MC-CDMA systems, and the conclusion seems trivial.
Nonetheless, it has been shown that if there is one data stream
(.e., K =1, N = M), the MC-CDMA system with Walsh—
Hadamard codes can achieve the MFB [23]. In MC-CDMA
systems, usually more than one data stream is simultaneously
transmitted to support multiple pairs of users. Proposition 3
implies that, for any orthogonal codes U and for any number of
K < M/L, the ESA-based one-tap FDE with P° can always
achieve the MFB.

B. Average Spectral Efficiency and Optimal Power Allocation

Now, we analyze the average spectral efficiency of Max-SNR
ESA signaling in fading channels, with which we can show
the impact of the spreading sequences and further optimize the
optimal power allocation.

1) Asymptotic Analysis: The study in [24] indicates that,
when K > 2, it is intractable to derive an explicit expression
of the average spectral efficiency. Fortunately, as K — co, we
can obtain the closed-form asymptotic spectral efficiency,
which converges to the average spectral efficiency. Moreover,
as shown in the later simulation results, as M /K — N, the
asymptotic spectral efficiency is close to the average spectral
efficiency with finite X' and M. In the following, we will
analyze the asymptotic spectral efficiency.

In (28a) and (28b), only term «,,, depends on the channel
response. To analyze the asymptotic spectral efficiency, it is
important to derive the asymptotic value of ay,, i.e., & =
lim g, . Since based on the forthcoming analysis &y, only
depends on the statistics of fading channels that are assumed
to be identical for all users, i.e., ay is independent of k, & is
denoted by & in the sequel.

For Max-SNR ESA signaling, the asymptotic value can be
obtained from (16) by using the similar analysis in [25], i.e.,

a I%iircl)o(ekH(C’HHU,‘.HuILIkC')i1 )_1

(1/Kx (C H,, HEC)

ey
,1) -1
00 -1
-1
/l‘ fCHHukaka(x)dx)

0

1
- p(cfH, HIC)

(37)

where ¢(X) = [ fx(t)/tdt, and fx(z) is the probability
density function (pdf) of the eigenvalues of X.

Since (37) is related to the characteristics of spreading
sequences and fading channels, we consider several typi-
cal spreading sequences for MC-CDMA TWR systems in
Rayleigh fading channels, including the nonorthogonal random
sequences whose entries are i.i.d. random variables, the or-
thogonal random sequences that are uniformly distributed over
the orthogonal space, and the spreading sequences constructed
from (17) for the one-tap FDE with the optimal spreading
matrix in (33). They are respectively referred to as i.i.d., or-
thogonal, and one-tap codes for short in the sequel.

i.i.d. Codes: When C'is an M x K matrix whose entries
are i.i.d. complex random variables with zero mean and vari-
ance 1/M, and H,, H fk is a Hermitian random matrix and
independent of C| [25, Th. 2.42 and Lemma 2.28] showed that
as K, M — oo with M /K — N, the empirical distribution of
the eigenvalues of C H,, H fk C converges with a probabil-
ity of 1 to a distribution that satisfies

1 H o 4 1
g (N<p(C HukHukC)) =1- (38)
where
fa, mo (1)
é Uk T uR
G(x) _/71—1—% dt 39)

and fHungk (x) is the pdf of the eigenvalues of H,,, H{i
In Rayleigh fading channels, H,, H H isan M x M diag-

ug

onal matrix whose diagonal elements are exponentially distrib-

uted, i.e., fr JHI (x) = e~ *. Substituting into (39), we have

u U

G(x) = (1/a) exp(1/x)Ei(~1/2) (40)

. JAN

where Ei(z) = [* e

function.

Substituting (40) into (38) and computing the inverse func-

tion of G(x), the asymptotic value of «,,, withi.i.d. codes is

¢ /tdt denotes the exponential integral

~iid. 1
S NHA =N “h
where H(x) = G~!(z) is the inverse function of G(x).

Orthogonal codes: When H,, H qu is the same as the
preceding case but C' becomes an M x K matrix uniformly
distributed over the manifold of M x K complex matrices such
that C7C = I, [25, Ex. 2.51 and Lemma 2.28] indicated that
as K, M — oo with M /K — N, the empirical distribution of
the eigenvalues of C* H e H fk C converges with a probabil-
ity of 1 to a distribution that satisfies

N (42)

1 H H 1
Substituting (40) into (42) and computing the inverse func-
tion of G(x) again, the asymptotic value of «,,, with orthogonal
codes is

@Orth o 1
~ (N-1)H(1-1/N)’

(43)

One-tap codes: When C' is constructed from (17) for
the one-tap FDE, U is a unitary matrix and IIL, =
pPiH, H ka is a diagonal matrix. Therefore, U TL,, U
is an eigendecomposition of CHHukakC, ie., IL,, is
the eigenvalue matrix of C H up H fk C. When the optimal
spreading matrix in (33) is considered, from (31b), we have

N—-1
1
S = 5 D Hu e, (44)
n=0
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where |H,, .. ,|* is exponentially distributed. Then, the pdf

of C"H, H! Cis

N

ferm, my o) = W(Nx)N_le_Nm- (45)

Substituting (45) into (37) and applying [26, eq. (3.351.3)],
we have gp(CHHukHquC) = N/(N — 1). Substituting into
(37), the asymptotic value of a,, with one-tap codes is

adnetap — 1 _1/N. (46)

Note that & is only related to the eigenvalue of
ciH, H fk C but independent of the eigenvector matrix, i.e.,
U. Therefore, it is not necessary to design U’; in other words,
U can be chosen as an arbitrary unitary matrix.

From (28a) and (28b), the asymptotic spectral efficiency
of MC-CDMA TWR systems using EF and AF relays is
obtained as

~ 1 . [ Pu 2Pr | _
'f]ggA :Nlog <1 —|—m1n{0722, 05}0&) (473)

Py Pr 72

0’2 0'2
- RP“ (47b)
B ls)a+

1

_AF

=—1 1
ESA = og + (

[N

where ¢ is obtained from (41), (43), and (46) for i.i.d., orthog-
onal, and one-tap codes, respectively.

We will show the impact of various spreading sequences on
the spectral efficiency of MC-CDMA TWR systems with the
Max-SNR ESA-based FDE via numerical analysis in the next
section.

Now, we have obtained the closed-form expression of the
asymptotic spectral efficiency, as shown in (47a) and (47b). The
spectral efficiency depends on spreading factor N = M /K and
the maximal transmit powers at the relay and the users, i.e., Py
and Pg. Due to the complicated relationship between spectral
efficiency and load factor 1/N = K/M, it is rather involved
to directly derive optimal load factor K /M. Nonetheless, in
the practical MC-CDMA TWR systems where the number of
subcarriers M is given, the number of user pair K is an integer
in the range of [1, M]. Therefore, it is not hard to find the
optimal value of K by M — 1 comparisons, and then, optimal
load factor 1 /N = K /M is obtained. In contrast, there exists
an explicit relationship between the spectral efficiency and
the maximal transmit powers. We can optimize the maximal
transmit powers of the relay and the users to maximize the
spectral efficiency.

2) Optimal Power Allocation: To avoid frequent informa-
tion exchange between the users and the relay, the maximal
powers are allocated by optimizing the average spectral effi-
ciency instead of the instantaneous spectral efficiency. Assum-
ing that the network overall power per symbol P = F; + Pr is
limited.

When 07% = 05 = o2, from (47a), we know that the average
spectral efficiency of the EF relay is monotonically increasing

with min{ P, 2Pg }. Then, the optimal power allocation can be
derived by maximizing min{ Py, 2P }, which is

Py, =2P/3 Pr=P/3 (48)
and the corresponding maximal spectral efficiency is
_ 1 2P _
Mhoa = + log (1 + 30204> . (49)
Substituting Fy; =P — Pr into (47b) and letting

OnaY, /OPr = 0, the optimal power allocation that maximizes
the average spectral efficiency of the AF relay is

Py=P/2 Pr=P/2 (50)
and the corresponding maximal spectral efficiency is
1 P 1 o2\
_AF _
=—log|l4+-—a(l+-——
Tesa = Og( +4020‘< +2aP) )
< L 1 1+ P s (51
< 5 log 1520

Comparing (49) with (51), we can see that the EF relay is
more spectral efficient than the AF relay.

C. Performance Comparison Between ESA and NSA

To investigate the performance gain of ESA signaling over
NSA signaling, we first analyze the asymptotic spectral effi-
ciency of MC-CDMA TWR systems using NSA signaling.

When each user only has the CSI between the relay and
itself while the relay has no CSI as we have assumed, we
can design NSA signaling by solving the same optimization
problem as in (14), except that the interference-free constraints
now become C* H 4, w4, = Va@a,eq, and ClHp wgs, =
V/as, ez, - Using the same procedure as we derive the spectral
efficiency of ESA signaling in Section IV-B, we can derive the
spectral efficiency of NSA signaling. It shows that the spectral
efficiency of NSA signaling is only 1/2 of that of ESA signaling
when 1/2 of the users are supported by NSA signaling, as
compared with those served by ESA signaling. However, under
the considered CSI assumption, such NSA signaling is not a
good solution since we can always employ the proposed ESA
that performs much better.

In the literature of NSA signaling [8], there is a popular CSI
assumption where the relay has the CSI of all users but the
users have no CSI. To ensure MUI-free transmission, the relay
employs the ZF transceiver [8] for NSA signaling. Although
such a CSI assumption is inconsistent with that for SA or ESA
signaling, the comparison is relatively fair since the CSI is
available either at the users or at the relay. When the EF relay is
employed by SA or ESA signaling, the DF relay is considered
for NSA signaling, which is comparable. In this scenario, the
TWR system with K pairs of users is equivalent to a two-
hop relay system with 2K pairs of users. Therefore, we can
obtain the performance of MC-CDMA TWR systems with NSA
signaling from the well-established results of two-hop relay
systems [1], [20].

For NSA signaling, from the conclusions in [1] and [20]
and after using the similar derivations with SA signaling, the
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instantaneous spectral efficiency with the DF or AF relay can
be obtained as

1 & P P
DF . Uu R
I 1 — —
TINSA = 2M ; og < + min { J%ﬂAka U]?{ ﬂBk })
K
.| Py Pr
= 1 1 u
M%Og( *mm{a%ﬁgk’ ﬁ})

(52a)
at P“ e ﬁA B
AF k k
TNSA log | 1+
NSA =501 kZ:1 f—%ﬁ + 5Bs, +1
x B
o2 o2 k k
+ — log | 1+ =
2M ; B, + T Ba +1
(52b)
where
TN
Ba, = (ekH (HABHAB) ek) (53a)
1 -1
H i
Be, = (ew (FrlisH as) ek+K) (53b)
and Hs=[Hy,c1,...,H.cx,Hp,cy,...,Hg, cxl is

the M x 2K equivalent channel matrix.

To simplify the analysis, here we assume that the diagonal
elements of H 4,,...,H 4, ,Hp,,..., Hp, are zero-mean
1.i.d. random variables with normalized variance. This implies
that we assume that the channels of all links are independent
frequency-selective fading. We will show in later simulations
that the obtained conclusion is still valid without this assump-
tion. As a result, no matter what the spreading sequences c,
k=1,..., K are, the elements of equivalent channel matrix
H 45 are i.i.d. random variables. Since the diagonal entries
of H,,, ur = A, By, are zero mean and with normalized
variance, and the spreading sequences satisfy cf’cj, = 1, the
elements of H 43 are zero mean and with variance 1/M.

Then, according to Marcenko—Pastur law [25] in the random
matrix theory, as K, M — oo with M /K — N, the empirical
distribution of H '{; H 45 converges with a probability of 1 to a
distribution that satisfies

_ g o= -1
(QD(HABHAB)) = (
Consequently, the asymptotic value of 3, can be obtained as
B =limg .o By, = (1 —2/N)*. Substituting into (52a) and
(52b), the asymptotic spectral efficiency of MC-CDMA TWR
systems using NSA signaling becomes

_ 1 . [Py Pr 2\ 7"
nggA:Nlog<l+mm{J%,gf{} (1—N>> (55a)

2
Py P, 2\t
77NSA— og
i Ry

1-2K/M)" = (1-2/N)*. (54)

(55b)

Considering that the asymptotic spectral efficiency of
MC-CDMA TWR systems with Max-SNR ESA signaling de-
pends on the spreading sequence, we compare the performance

when the one-tap code is employed, because it is of low
complexity and of practical interest.

Substituting (46) into (47a) and (47b), the asymptotic spec-
tral efficiency of MC-CDMA TWR systems using ESA signal-
ing is

_ 1 . Py 2P 1

2
HEOA-3)

P P,
(e 58) (-
Comparing (55a) with (56a), and (55b) with (56b), we have

ﬁ%é;A(N) > ﬁﬁsEA(N)

Mesa (V) = fxga (V).
It follows that for an arbitrary spreading factor /N, ESA signal-
ing is more spectral efficient than NSA signaling in MC-CDMA
TWR systems.

Setting the spreading factor in (56a) and (56b) as N, and that
in (55a) and (55b) as 2N, then we have

nisa (V) > 2nREa (2N)
EF
nisa(N) > 2nR54 (2N).

It means that when the number of users is doubled, ESA
signaling achieves more than twice of the spectral efficiency
of NSA signaling. In addition, denote Ngg, and Ngg, as
the optimal spreading factors to achieve the maximal spectral
efficiency of the MC-CDMA TWR system using the ESA and
NSA signaling procedures, respectively, from (58a) and (58b),
it is not difficult to derive that

1
iosa = 5 log [ 1+ (56b)

~)+3

(57a)
(57b)

(58a)
(58b)

(59a)
(59b)

A) 2 UESA (Ngsa/2) > 2nREa (NRsa)
A) >isa (Ngsa/2) > 2nR5a (NRsa) -

As aresult, when the one-tap code is employed, the maximal
spectral efficiency of ESA signaling is twice more than that
of NSA signaling. Moreover, from our forthcoming simulation
and numerical analysis, we can see that the performance of
orthogonal codes is better than that of one-tap codes. Therefore,
the results in (59a) and (59b) are also valid for orthogonal codes.

77ESA(N
77ESA(N

V. NUMERICAL AND SIMULATION RESULTS

Here, we demonstrate the performance of the MC-CDMA
TWR systems with the Max-SNR ESA-based FDE. In the sim-
ulations, the MC-CDMA signals over M = 32 subcarriers are
transmitted over frequency-selective Rayleigh fading channels
with L = 8 resolvable multiple paths. Assuming that the noises
at both the relay and all the users have the same variance, i.e.,
0% = o} = o2, then the SNR per symbol is P/o?.

To show the spectral efficiency gain provided by SA or ESA
signaling, the performance of the MC-CDMA TWR system
with NSA signaling is shown as a reference. The NSA signaling
procedure we simulated is the same as that we have analyzed
in Section IV. We first illustrate the data rate per user pair of
MC-CDMA TWR systems using the Max-SNR ESA, SA,
and NSA signaling procedures, where the orthogonal and
nonorthogonal random spreading sequences are considered in
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Fig. 2. Datarate per user pair versus SNR of MC-CDMA TWR systems using
orthogonal codes P = Py = P/2. The results of SA signaling with N = 4
and N = 2 overlap.
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Fig. 3. Datarate per user pair versus SNR of MC-CDMA TWR systems using
i.id. codes Pr = Py = P/2.

Figs. 2 and 3, respectively. From these figures, we see that
SA signaling is superior to NSA signaling when N = 2 but is
inferior to NSA signaling when N = 4. This can be explained
as follows: When N = 2, the TWR system with NSA signaling
is fully loaded but that with SA signaling is underloaded.
Therefore, SA signaling outperforms NSA signaling. When
N =4, the TWR system with both NSA and SA signaling
procedures is underloaded. Due to the signal power loss, SA
signaling suffers from severe spectral efficiency degradation.
By contrast, Max-SNR ESA signaling achieves the highest
spectral efficiency among them.

Comparing Fig. 2 with Fig. 3, we can see that when the
spreading sequences become nonorthogonal, there exists severe
performance degradation for SA signaling but only a slight
performance loss for ESA signaling. When orthogonal spread-
ing sequences are used, SA signaling can achieve MUI-free
transmission. From (11), we know that the SA-base FDE does
not depend on the spreading factor; hence, the results of N =2
and N = 4 overlap. On the other hand, when nonorthogonal
spreading sequences are employed, SA signaling introduces

6.0

55 *
N }
45

Data Rate per User-pair (bit/s)

2.5 T — A= R E— ‘ ,=:=::.
2.0 e e _
] T P
15 B S I I S
e o————"" - X MFB
L A ESA (P%)
05 B ESA (P,)
® ESA (P))
0.0
! 2 4 8 16 32

Spreading Factor, N

Fig. 4. Data rate per user pair versus spreading factor N of MC-CDMA
TWR systems using the Max-SNR ESA-based one-tap FDE, EF relay,
Pr =Py =PJ2.

interference among multiple user pairs; thereby, the case of
N = 2 performs worse due to more severe interference among
user pairs. It is shown that ESA signaling is more robust to the
orthogonality of spreading sequences than SA signaling.

We then investigate the data rate per user pair of the MC-
CDMA TWR systems using the Max-SNR ESA-based one-tap
FDE in Fig. 4, where different spreading matrices are compared
and the MFB is provided as a reference. Spreading matrix P,
chooses only K subcarriers to transmit K symbols, whereas
P> and P° exploit the whole bandwidth, i.e., all M subcarriers
to transmit the symbols. Different from P°, which combines
the subcarriers with the maximal spacing, P> combines the
adjacent subcarriers.

It is shown that the data rates with all spreading matrices
increase with N. When NV = 1, all spreading matrices achieve
the same performance. When N > 1, P° and P5 outperform
P,. This is because P° and P, combine more subcarriers to
provide more diversity gain than P;. Since the channel correla-
tion between adjacent subcarriers will reduce the diversity gain
provided by P, it is inferior to P°. Furthermore, P° achieves
the MFB when N > L. These results agree with our analysis
very well.

Fig. 5 shows the spectral efficiency of Max-SNR ESA sig-
naling obtained from the asymptotic analysis and simulation,
respectively. It shows that the asymptotic analysis results are
close to the simulation results in a finite number of users and
subcarriers for an arbitrary SNR. We also show the impact
of different spreading sequences on Max-SNR ESA signaling.
It is clear that the orthogonal codes achieve the maximal
spectral efficiency, whereas the i.i.d. codes are the opposite.
The performance of one-tap codes is quite close to that of
orthogonal codes. Therefore, the proposed one-tap Max-SNR
ESA-based FDE achieves a good tradeoff between performance
and complexity for MC-CDMA TWR systems.

From the foregoing results, we can see that Max-SNR ESA
signaling performs well when N > 1, i.e., the system is un-
derloaded. Intuitively, the large value of N (or equivalently
the small value of K) means a waste of spectrum resource.
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Fig.5. Spectral efficiency versus SNR of MC-CDMA TWR systems using the
Max-SNR ESA-based FDE with different codes, EF relay and Pr = Py =
PJ/2.
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Fig. 6. Impact of K on the spectral efficiency of MC-CDMA TWR systems
using the EF or DF relay and Pgr = Py = P/2.

To see if this is true, we investigate the spectral efficiency of
MC-CDMA TWR systems with different K in Fig. 6, where
the orthogonal codes are employed. We observe that when
K < 12, NSA signaling can achieve higher spectral efficiency
than SA signaling. However, when K > 12, the observation is
the opposite. For NSA signaling with a ZF relay, the system
is fully loaded or overloaded when K > 16 given M = 32;
thereby, the spectral efficiency will reduce to zero. ESA signal-
ing always outperforms other signaling procedures no matter
what the value of K is. Moreover, the maximal spectral ef-
ficiency of NSA signaling is 1.4 bit/s/Hz (K = 12), whereas
that of ESA signaling is 3.2 bit/s/Hz (K = 30). Therefore,
the maximal spectral efficiency of ESA signaling is about
2.3 times more than that of NSA signaling, which agrees with
our conclusion shown in (59b) very well.

Fig. 7 shows the impact of the power allocation among the
relay and the users on the spectral efficiency of MC-CDMA
TWR systems with Max-SNR ESA signaling, where K = 30 is
chosen from Fig. 6 to achieve the maximal spectral efficiency.
We can see that equal-power allocation, i.e., By = Pg, is
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Fig. 7. Impact of the power allocation between the relay and the users on
the spectral efficiency of MC-CDMA TWR systems using the Max-SNR ESA-
based FDE and K = 30.

optimal for the AF relay, whereas P, = 2Pg is optimal for
the EF relay, which is consistent with our theoretical analysis.
Comparing the spectral efficiency of MC-CDMA TWR systems
using different forwarding schemes, we can see that the EF
relay is more spectral efficient than the AF relay.

VI. CONCLUSION

In this paper, we have developed an ESA signaling procedure
to improve the spectral efficiency of MC-CDMA TWR systems
through exploiting the feature of frequency-spreading systems.
By aligning the received symbols after despreading rather than
aligning the received signals before despreading, ESA signaling
relaxes the alignment constraint and allows more feasible solu-
tions to align the signals from each pair of users. Based on the
observation that the signal power loss is a bottleneck to improve
the performance of SA signaling, we developed an optimal ESA
signaling procedure to maximize the SNR. Considering that
the complexity and performance of ESA signaling depend on
the spreading sequence, we designed the spreading sequences
to obtain a low-complexity one-tap FDE to implement ESA
signaling and to provide the maximal diversity gain for the
FDE. Through analytical analysis, we showed that the spectral
efficiency of the proposed ESA signaling with the optimal load
factor is twice more than that of NSA signaling. Simulation
results demonstrate that ESA signaling is superior to SA and
NSA signaling procedures in various SNR levels, spreading
factors, and different numbers of user pairs and is robust to the
nonorthogonal spreading sequences.

APPENDIX
DERIVATION OF THE SNR WITH THE AF RELAY

Substituting (15) into (4) and then (6), after signal-level SIC,
the symbol from user Ay, to user 33, can be estimated as

aAF

7 H T « H
dAk =\ Y 'karHBkckck HAkaktdAk

+ ka ’I“HBL CkcanR + ka'r'nB), (60)
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Then, it is not difficult to derive that the signal power and
noise power, respectively, in terms of d 4, are

PS-Ak Py ak karHBkckck H-Akakt

AF 2

AF
PnAlc =y, ka’I“HBk ckck‘ HB)C kaTUR + wB;, TkaTJu

= oy ek + /o, o (62)
where atF = 2Pr /(2Pycy, + 03).

Then, the corresponding received SNR becomes

Puo/,g‘Fak.

T AR 2 2
apton +1/ag, 0p

= Do
k PnAk

QPL(PROZkaBk

2Prap, 0% + 2Pyaof + 0s0f

=R %u — (63)

- (64)
720% T3
R
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