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Abstract

In this paper, we investigate the performance of the Code Division Duplex (CDD) system using the interference
rejection codes, which exhibit zero correlation values on the relative delay-induced code offsets and can be applied to
mitigate the mutual interference between the uplink and downlink. Specifically, we propose to employ loosely
synchronous codes to effectively combat the interference through the interference-free window. Moreover, the
simplified RAKE structure is proposed as the receiver of the CDD device, which can significantly reduce the complexity
in the implementation. The simulation results demonstrate that our proposed method can achieve a near
inference-free performance when the user load of the system is moderate.

1 Introduction
A duplex communication system [1] is a point-to-point
system composed of two connected parties or devices that
can communicate with one another in both directions,
normally termed as uplink and downlink individually. To
circumvent the mutual interference between the uplink
and downlink, the Frequency Division Duplex (FDD) [1]
and Time Division Duplex (TDD) [1] apparatuses are
commonly deployed in communication systems. In the
FDD system, the uplink and downlink signals are gapped
in different frequency bands, while in the TDD system, the
uplink and downlink transmissions are identified in differ-
ent time slots. In this way, the uplink and downlink can be
treated as being orthogonal in the FDD or TDD apparatus
since they utilize different frequency or time resources.
Recently, No Division Duplex (NDD) [2, 3] techniques
have captured growing interests for the 5G communi-
cation system, since they can significantly increase the
capacity of the cellular system as well as simplify the
infrastructure of the cellular network. The basic philos-
ophy of the No Division Duplex [2, 3] is that a radio
device can transmit and receive on the same frequency
at the same time; more explicitly, it can operate in a full-
duplex fashion. However, as the radio signals attenuate
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quickly in an exponential way over the distance, the signal
from a local transmitting antenna is hundreds of thou-
sands of times stronger than transmissions from other
nodes. Therefore, the challenge in implementing a full-
duplex system is to recover the desired signal from the
excessively strong local interferers. Hence, a complicated
interference canceller [3] must be deployed in the NDD
device to combat the local interference, in both the analog
RF component as well as the digital baseband component.

In Code Division Multiple Access (CDMA) systems,
the spreading sequences characterize the properties
of the associated Intersymbol Interference (ISI) as well as
the Multiple Access Interference (MAI) [4]. Traditional
spreading sequences, such as m-sequences [4], Gold codes
[4], and Kasami codes [4], exhibit non-zero off-peak auto-
correlations and cross-correlations, which result in a high
MAI in the system. To circumvent this issue, the ideal
solution is to design the optimal sequences whose auto-
and cross-correlations are zero for the infinite code off-
sets, as shown in Fig. 1la. However, this kind of perfect
sequence does not exist in theory. Therefore, considerable
research has been invested on the interference rejection
code which can exhibit zero correlation values on the rel-
ative delay-induced code offsets. The area which has the
value of zero correlation is the so-called Zero Correlation
Zone (ZCZ) or Interference-Free Window (IFW) of the
spreading code [5], as shown in Fig. 1d. The auto- and
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cross-correlation properties of four spreading codes are
exhibited in Fig. 1. In this figure, we can observe that the
correlation value of the interference rejection code is zero
in IFW. Loosely Synchronous (LS) code [6, 7] is one of
these specific interference rejection codes which exhibit
an IFW, where the off-peak values of aperiodic auto- and
cross-correlations are zero, resulting in zero ISI and zero
MALI in the IFW. Given these conditions, a major ben-
efit of the interference rejection codes is that they are
capable of combating the mutual interference between
the uplink and downlink without a complicated interfer-
ence canceller. Hanzo, Wei, and Ni [8-10] investigated
the performance of the CDMA system in the context of
the deployment the LS codes. However, in their work, the
power control [11] scheme is employed to avoid the near-
far effect, and only the cellar communication scenarios
are evaluated in previous work. In [9, 12], the interference
rejection codes are deployed in the multi-carrier CDMA
system and the performance is analyzed. The authors in
[13] investigated the performance of the CDMA system in
conjunction with the multiple antenna technique and the
interference rejection code. Various chip waveforms [14]
are investigated for the LS codes, and the network capacity
in the cellular scenario is analyzed in [15].

In this paper, to circumvent the implementation of
complicated interference canceller, Code Division Duplex
(CDD) is proposed for a synchronous communication
system. As shown in Fig. 2, the basic concept of the
CDD is that the downlink and uplink signals are dis-
tinguished by their unique spread sequence C, i.e., the
CDD radio can transmit and receive simultaneously at
the same frequency band with different spreading sig-
natures. The state of the art CDD device can operate
in the same fashion as the NDD device. However, the
advantage of the CDD receiver is to employ a simple
matched filter or RAKE receiver rather than a complicated

interference canceller in the NDD device owing to the
cross-correlation properties of the interference rejection
code, which is beneficial in the engineering implementa-
tion and power saving.

In this paper, we will investigate the performance of
CDD communication systems in the context of two prac-
tical scenarios. The first scenario is a cellular-like commu-
nication system, where a base station node operates as the
centric node and all the other CDD nodes must commu-
nicate with the center node. In this specific scenario, the
center node has a much stronger transmission power than
other nodes. The second scenario is an ad hoc commu-
nication system where each CDD device transmits on the
same power in the network and can communicate with
each other. In this contribution, we will investigate the
Bit Error Rate (BER) performance and capacity of CDD
systems in both scenarios when communicating over a
Nakagami-m channel.

This paper is organized as follows. In Section 2, we will
introduce the specific interference rejection code, namely
LS code, while in Section 3, we will describe the model
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Fig. 2 Code Division Duplex system
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of the CDD system and fading channel. In Section 4, we
will characterize the BER performance of the CDD com-
munication, and in Section 5, we will discuss our findings.
Finally, in Section 6, we will offer our conclusion.

2 Interference rejection codes
There exists a specific family of spreading codes, which
exhibit an IFW; more specifically, Loosely Synchronized
(LS) codes [6] exploit the properties of the so-called
orthogonal complementary sets [6, 7]. Since the detailed
construction method of binary LS codes was described
in [6, 9, 10], here, we only focus our attention on the
properties and the applications of the LS codes [16, 17].
Generally, an LS code can be denoted as LS(N, P, W),
which denotes the family of LS codes generated by apply-
ing a (P x P)-dimensional Walsh-Hadamard (WH) matrix
to an orthogonal complementary code set of length N
and inserting Wy number of zeros between two orthog-
onal complementary sets [6, 9, 10]. The constructed
LS(N, P, Wp) codes can be constructed for any arbitrary
length of the codes by selecting the proper parameter N,
and then, the generated LS codes can exhibit an IFW
of interference rejection code as shown in Fig. 1; more
explicitly, the spreading signature function c;(¢), ¢j(t) of
the constructed LS codes satisfy:

—00
f @)t —1)dt =0, T < W, i#]j (1)
—00

where c;(¢) and ¢;(¢) are the signature functions in the gen-
erated LS(N, P, Wj) code set and W; is the width of the
IFW. More explicitly, the constructed LS(N, P, Wp) codes
are still orthogonal to each other even in the scenarios of
the multipath environment provided that the delay spread
of the multipath is less than the width of IFW. Hence, the
LS code with inherent IFW can effectively suppress the
Multipath Interference (MPI) and multiuser access inter-
ference (M AI), which also significantly simplify the design
of receiver as well as reduce the complexity of the receiver
in CDMA system.

For example, the LS(N,P, Wy) codes can be gen-
erated based on the complementary pair of [6, 16],
and the total number of available codes in the fam-
ily of LS(N,P, W) is given by NP. The total num-
ber of NP codes can be classified by N sets of P
number of LS codes through their Walsh-Hadamard
Matrix, and each set has P number of LS codes. The
LS codes in the same set exhibit an IFW length of
[— Wi, +W;], where we have W; = min{Wy, N — 1}.
The aperiodic auto-correlation and cross-correlation
function pgx(t), pjx(t) of the codes belonging to the same
set will be zero, provided that we have T < W;T,. Fur-
thermore, the LS codes belonging to the N different sets
are still orthogonal to each other at zero offset, namely
in a perfectly synchronous environment. However, the LS
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codes belonging to the N different sets will lose their
orthogonality, when they have a non-zero code offset.

To combat the interference incurred by its own trans-
mission, the spreading codes in the CDD device have
the following assignment policy: the spreading codes of
the uplink and downlink are wisely chosen to belong to
different sets of Walsh-Hadamard. The benefit of this
assignment is that the spreading codes between the uplink
and downlink have the maximum width of the IFW, which
can guarantee the orthogonality between the uplink and
downlink in one CDD node so that their mutual interfer-
ence can be negligible.

3 System model
3.1 System model
Assume that the system supports K synchronous users
and each user is assigned two unique spreading signature
waveforms for its uplink and downlink, respectively. The

spreading signature waveform can be noted as c(f) =
G-1

> cyr, (¢ — iTe), where G is the spreading gain and
i=0

Y, (¢) is the rectangular chip waveform, which is defined
over the interval [0, T;). Consequently, when the K users’
signals are transmitted over the frequency-selective fading
channel, the complex low-pass equivalent signal received

at a given RX antenna can be expressed as:

K Lpy—1

R@t) = Y Y 2Prer(t — ITe — 7)bi(t — IT. — o)
k=1 [=0
X hiq exp (o) + N(2), (2)

where N (¢) is the complex-valued low-pass-equivalent
AWGN (additive white Gaussian noise) having a double-
sided spectral density of Ny and i is the propagation delay
between the transmitter and receiver for user k. In the
same CDD device, 1 is assumed to be 0, while in dif-
ferent CDD devices, ti is determined by the propagation
distance: without loss of generality, 7z = %, where ¢ is
the speed of light. L, is the total number of resolvable
paths. Py is the received power, which is determined by
the large-scale fading of the wireless channel.

3.2 Wireless large-scale fading model

The complexity of wireless signal propagation makes it
difficult to obtain a single model that characterizes path
loss accurately across a range of different environments.
In the textbook [1], various propagation models of the
wireless channel are proposed and investigated in wire-
less communications, such as the well-known free-space
channel model, Okumura Model [1], Hata Model [18], and
COST207 [1, 18] which are traditionally used in system
analysis. However, for the convenience of analysis of vari-
ous system performance, we simplify the channel model as
well as capture the essence of signal propagation without
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resorting to complicated path loss models, which is suffi-
ciently accurate to approximate the real channel model. In
this contribution, the following simplified models [1] for
path loss as a function of distance are commonly used for
system design:

do

where dj is the wavelength of the radio signal, d is the
distance between the transmitter and receiver, and G, is
the constant which is related to the characteristic of the
antenna, such as the height and direction. Parameter y is
the exponential attenuation factor which is related to the
practical environment. Generally, the attenuation factor y
is about 2 to 4 according to the free-space, indoor, urban,
or hilly environments.

P, = P,G, [ d ]y, (3)

3.3 Channel model

The DS-CDMA signal experiences independent
frequency-selective Nakagami-m fading. The complex
low-pass equivalent representation of the Channel
Impulse Response (CIR) encountered by the kth user is
given by [19]:

Ly—1

hi(8) = ) hud (8 — ITe) exp (jow) » (4)
=0

where /iy represents the Nakagami-distributed fading
envelope, [T, is the relative delay of the /th path of user k
with respect to the main path, while L, is the total num-
ber of resolvable multipath components. Furthermore, 6y
is the uniformly distributed phase-shift of the /th multi-
path component of the channel and §(¢) is the Kronecker
delta function. More explicitly, the Lp multipath attenu-
ations {/y} are independent Nakagami-distributed ran-
dom variables with a Probability Density Function (PDF)
of [20-22]:

plh) = M(hg, myg, ),
meRZWI—l
I'(m)Qm

where I'(-) is the gamma function [19] and my is the
Nakagami-m fading parameter, which characterizes the
severity of the fading for the /th resolvable path of user
k [23] . Specifically, my; = 1 represents Rayleigh fading,
my; — oo corresponds to the conventional Gaussian sce-
nario, and my = 1/2 describes the so-called one-sided
Gaussian fading, i.e., the worst-case fading condition. The
Rician and log-normal distributions can also be closely
approximated by the Nakagami distribution in conjunc-
tion with values of my; > 1. The parameter € in Eq. 5
is the second moment of /1, i.e., we have € = E[(h)?].
We assume a negative exponentially decaying Multipath
Intensity Profile (MIP) given by Q4 = Qroe ™, n>0,1=

MR, m, Q) = =M/ DR )
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0,...,L, — 1, where Q;q is the average signal strength cor-
responding to the first resolvable path and 7 is the rate of
average power decay.

4 BER performance analysis

As shown in Fig. 3, let the first user be the user of inter-
est and consider a receiver using de-spreading as well as
multipath diversity combining. The conventional matched
filter-based RAKE receiver using maximum ration com-
bining (MRC) can be invoked for detection, where we
assume that the RAKE receiver combines a total of L,
number of diversity paths, which may be more or possi-
bly less than the actual number of resolvable components
at the current chip rate. It is advocated that the system
has achieved perfect time synchronization and perfect
estimates of the channel tap weights. Then, after appropri-
ately delaying the outputs of the individual matched filter,
in order to coherently combine the L, number of path sig-
nals with the aid of the RAKE receiver, the output Zy; of
the RAKE receiver’s /th finger sampled at t = T + [T, + ¢
can be expressed as:

Zi = Dy + Iy, (6)

where Dy, represents the desired direct component, which
can be expressed as:

Dyy = ~2PT;b[0] (7)
where T is the symbol duration.
The MRC’s decision variable Z;, which is given by the
sum of all the RAKE fingers’ outputs, can be expressed as:
L—1

Zr = Z Zi- (8)
=0

The RAKE fingers’ output signal Z; is a Gaussian dis-
tributed random variable with a mean of Dy;.

The term Ij; in Eq. 6 represents the total interference
incurred by the Multipath Interference (MPI) as well as
the Multiple Access Interference (MAI), which can be
expressed as:

Iy = Iy [S] +1g[M] +Ng, 9)

where I;;[S] represents the multipath interference imposed
by the user of interest, which can be expressed as:

RX

RAKE d
Combiner

[cm

Fig. 3 CDD receiver structure
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-1
h ki, COS lep

LP
IylS) = V2PTyhyy Y

T,
Ip=0
1,#1
T,
x / bift—(l—0) Te] -t — (4 —1) T.]cle)de
0

(10)

Furthermore, Ij;[M] represents the multiuser interfer-
ence inflicted by the K — 1 number of interfering signals,
which can be expressed as:

K Ly—-1

IyM) = V2PTehy y >

k=1 1,=0
Kzk ”

hk’lp Cos ek’lp

T
bplt — (p — DT — (tp — T)]

(te — )] c[t] dt.

In Egs. 10 and 11, the cos(-) terms are contributed by
the phase differences between the incoming carrier and
the locally generated carrier used in the demodulation.
Finally, the noise term in Eq. 9 can be expressed as:

cwlt — (Ul — DT, — (11)

T
Ny = th/ n(t)clt] cos(2mfet + Oxy)dt, (12)
0
which is a Gaussian random variable with a zero mean
and a variance of Ny Tsh? v where {hy;} represents the path
attenuations.

Furthermore, I;[S] represents the MPI imposed by the
user of interest. Without loss of generality, we can assume
that the width of the IFW is longer than the channel
spread time L, T¢, and in this case, the MPI becomes zero
since the auto-correlation of the spreading code is zero.

Hence, the performance of the CDD system is mainly
determined by the MAI term Ij;[M], which is affected by
channel delay profile, distance amongst the nodes, and the
number of users supported in a cell.

Again, the uplink TX and downlink RX have different
spreading sequences for the kth user in one CDD device,
and recall that the system can assign different sets of the
spreading codes for the uplink and downlink; more specif-
ically, the spreading codes of the uplink and downlink
have the maximum width of IFW in the generated LS
codes. And the distance between the TX antenna and RX
antenna is very close, i.e., Ty = 0. Hence, after the matched
filter and RAKE receiver, the interference introduced by
its own transmission can be ignored due to the inherent
orthogonality of the spreading codes. Thus, the MAI are
mainly introduced by other CDD device nodes.

Since the power control is difficult to be implemented
in the CDD system, the near-far effect must be taken into
account for the BER performance analysis. Assume that
the power of the interested signals is Py while the power
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of the interference is P, and Py and P; can be obtained
from Eq. 3.

As shown in Fig. 4, if one path of the channel impulse
response of the interference user is located within the
IFW, this specific path will not introduce any interfer-
ence to the interested signals. More explicitly, only these
paths which are located outside the interference-free win-
dow will introduce the MAI to the desired signal. Without
loss of generality, we can assume that the multipath inten-
sity profile of all users obeys the same distribution, i.e.,
Qo = Qo k = 1,2,..K, and E, = PT is the energy
per bit. Thus, the variance of the /th RAKE finger’s out-
put samples Zy; for a given set of channel amplitudes {/;}
may be approximated as [23, 24]:

-1
o | Xk 2Q0E)p 2
of = 2PT: |:3G + (NO - Qohyy, (13)

K Lp—l

Xk = ZZ 1_"1 (W — 15— wl =)

j=1 1=0

(14)

where W7 is the width of the IFW; 7; and 74 are the prop-
agation delay of the interference user j and the interested
user k, respectively; L, is the total number of resolvable
paths; and u(x) is the step function, i.e., u(x) = 1,x > 0,
otherwise u(x) = 0,x < 0. According to the large-
scale fading model, P; and Py are the strength of the
received signals, which can be derived in Eq. 3 as P; =

PyGa %] Pe = PuGa [ ]
gation delay obeys 7; = dj/c, tx = di/c.

Hence, the MRC’s output sample Z; can be approxi-
mated by a Gaussian random variable with a mean of

Y
. Moreover, the propa-

Pj
User #1 User #2 IFW
Multipath |
I
—» 7, 4
Delay of arrival
Fig. 4 MAI effect with IFW
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L—1 L—1

E[Zx] = ) Dy andavariance of Var [Z;] = > crkzl [21,
=0 =0

24], where we have:

L—1
E(Z] = Y V2PTiby[0] iy, (15)
=0
L—1
(16)

Var [Z;] = Z szl.
=0

Hence, the BER using BPSK modulation conditioned on
a set of fading attenuations {/,/ = 0,1,...,L, — 1} can
be expressed as [1, 18]:

E[Z:])?
Py(y) = Q % —Q

where Q(x) represents the Gaussian Q-function which can
also be simplified as [1, 23]:

1 /2 x2
7 Jo 2sin” 6

Furthermore, 2y; in Eq. 17 represents the output Signal
to Interference plus Noise Ratio (SINR) at the /th finger of
the RAKE receiver.

Let us now substitute Egs. 13, 15, and 16 into Eq. 17, and
the expressions under the square-root functions must be
equal, which allows us to express y; as follows:

-1
=136 No Q'

For the convenience of the BER derivation, we define a

term y, as:
—17-1
yem | 26 QoE)
‘7|36 No

With the aid of Eq. 20, we have y; = y,- % and /; obeys
the Nakagami-m distribution characterized by Eq. 5, and
the PDF of y; can be formulated as:

my . my—1
(mf) A (_mm), v =0, 21)
Vi I'(my) Vi

where 7, = vee " forl = 0,1,...,L, — 1. The average
BER, Py (E), can be obtained by the weighted averaging of
the conditional BER expression of Egs. 17 and 21 over the
joint PDF of the instantaneous SNR values.

(19)

(20)

p)/[(yl)

5 Simulation performance of CDD

As we mentioned before, two scenarios are investigated in
this paper. The first scenario is a cellular system which has
a center node, and all other nodes besides the center node
only communicate with the center one. The second sce-
nario is a relay and ad hoc communication environment,
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where any two of the nodes can communicate with each
other. For the CDD performance evaluation, we assume
that the system has a chip rate of 1.2288 M chips which
is the same as the CDMA2000 and EVDO systems [25].
The bandwidth of our system is 1.25 MHz. The carrier fre-
quency of the system is f, = 2 GHz, and the large-scale
fading factor y = 2.5. Moreover, the radius of a cell is
configured to 2000 m. All the CDD nodes are operated in
synchronous transmission mode, i.e., all nodes transmit
simultaneously. We also assume that the maximum delay
spread of the channel is 7 = 3 us [11]. Thus, the number
of resolvable paths is considered as L, = L%CJ +1 =4,
where © = 3 us, and the channel’s delay spread profile
is negatively exponentially distributed with the factor n
in the range of [0.3,3] us. The RAKE receiver combines
L, = 3 number of fingers for BER performance evaluation,
and the channel’s exponential decay factor is n = 0.2.

In our simulation, the LS(4,32,4) codes are deployed as
the spreading codes. More explicitly, the total length of the
LS(4,32,4) code is L = NP + 2W, = 136 chips, and its
spreading factor may be calculated by simply noting that
each bit to be transmitted is spread by one of the con-
stituent LS(4,32,4) codes. Although the length of this LS
code is L = NP +2W, = 136, the effective spreading gain
of the LS code is identical to Geg = 128 since the insert-
ing zeros must not be taken into account. The LS(4,32,4)
codes are constituted by a total of 128 spreading codes.
The width of the IFW W; and the number of supported
user K satisfies that:

W; = 4,K < 16;
W; = 2,16 < K < 32;
W; = 1,32 <K < 64;
W; = 0,64 < K < 128.

First, we investigated the BER performance of CDD
when there existed a strong interference CDD node. In
this scenario, a cell has three CDD nodes, the source
node, the destination node, and the interference node. In
our simulation, the interference node has a transmission
power 20 dB higher than the source node. It is obvi-
ous that the distance between the interference node and
destination node dramatically affects the performance of
the RAKE receiver since the strength of interference is
inversely proportional to the distance. Figure 5 exhibits
the BER performance of the destination node in conjunc-
tion with the distance between the interference node and
destination node. More explicitly, we can observe that
when the width of IFW W7 is below 2 and the distance
of the interference node is less than 300 m, the effect
of the interference node cannot be completely rejected
by the interference spreading code so that the MAI leak
inevitably in the RAKE receiver due to the insufficient
width of the IFW. However, when the W} increases to 3
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G=128, SNR=20dB, K=2,1=0.2,m=1, Lr=3 Lp=4,

——Ws=0

—o— W =1

——Wz=2
—a— W|=3

o W4

0 100 200 300 400

500 600 700 800 900
Distance to Interfernce Node[m]

1000

Fig. 5 BER vs distance of interference node in the cellular CDD communication system

or 4, the interference is suppressed significantly and the
effect of the interference node is negligible.

The performance of CDD in two common scenarios is
shown in Fig. 6. In the cellular scenario, a center node
or Base Station (BS) exists in the network, which has a
high transmission power than other nodes. In our simu-
lation, we assume that the base station node has a 20-dB
higher transmission power. The second is an ad hoc sce-
nario where each node has the same transmission power.
Figure 6 plots the BER performance of the CDD com-
munication system in the context of a various number of
users K. In Fig. 6, we can observe that the performance

in the ad hoc scenario is superior than that in the cellular
scenario. This phenomenon is reasonable since the cel-
lular environment exists as a strong base station which
also acts as a strong interference node to other destina-
tion nodes and then degrades the BER performance in the
cellular condition.

Figures 7 and 8 exhibit the performance of the CDD
system in conjunction with various supported users K.
From Fig. 7, we can observe that the near interference-
free performance can be achieved when the number of
users K is less than 16 since the spreading codes have
the maximum width of the IFW in this condition. As

G=128,T]=0.2, m=1, Lr=3 Lp=4,

T

BER

T

T

Ad-hoc Scenario K=16
Ad-hoc Scenario K=32
Celluar Scenario K=16

—6&— Analytical result
—<— Analytical result
—&— Analytical result
—<— Analytical result
¢ Simulation result

Celluar Scenario K=32

Ad-hoc Scenario K=16
¥ Ad-hoc Scenario K=32
O - Simulation result Celluar Scenario K=16
X

Simulation result

Simulation result Celluar Scenario K=32

EbINo[dB]

Fig. 6 BER vs £, /Ny performance in the context of the ad hoc and cellular scenarios
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G=128,1=0.2, m=1, Lr=3 Lp=4’

——K=16
—=—K=32

15
E,/N,[dB]

20 25 30

Fig. 7 BER performance of the CDD communication system with various number of users K

the number of users is increased to 32, the performance
of the CDD system is degraded moderately, since the
width of the IFW is still maintained in W; < 2. How-
ever, when the number of users is increased to more
than 64, the performance is degraded significantly since
the width of IFW is decreased to 0 ~ 1, which reduces
the capability of combating the M AL Figure 8 portrays the

BER performance of the CDD in conjunction with vari-
ous users K. Two different SNR parameters are configured
in our simulation, i.e., SNR = 10 dB and SNR = 20 dB,
respectively. From Fig. 8, we can conclude that the CDD
system exhibits a near interference-free performance in
the case K < 32. In Figs. 7 and 8, it is advocated that
the CDD system should be deployed in a relatively-low

G=128,1=0.2, m=1, Lr=3 Lp=4’
107 4
107 +Eb/N0=1OdB E
o —=—E_/N_=20dB
w b 0
[11]
10°F 4
107'E i
| | |
0 20 40 80 100 120
Number of Users K
Fig. 8 BER performance vs. the number of supported users K in a cell
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load of users. For a spreading gain of 128 systems, the
CDD system can support K = 40 user communications
simultaneously without the mutual interference; this load
is promising since the linear Minimum Mean Square Esti-
mator (MMSE) multiuser detector with a much higher
complexity can only support to K = 40 to achieve an
ideal performance. Similarly, the performance of the linear
MMSE multiuser detector [26, 27], the Parallel Inter-
ference Canceller (PIC) [26, 27], and Serial Interference
Canceller (SIC) [26, 27] deteriorates significantly for the
high load scenario in a CDMA system; furthermore, the
traditional MMSE detector, PIC, and SIC suffer the seri-
ous near-far effect and degrade the performance in our
CDD scenarios. The ideal Maximum Likelihood detector
[26, 27] can solve this issue; however, the complexity of the
ML detector is excessively high so that it is impossible to
implement in practical communication systems.

Finally, Fig. 9 plots the BER performance of different
channel fading models. The Nakagami-m channel is a
generic model for the wireless channel, where the choice
of the parameter m determines the fading type of the
channel model. In Fig. 9, three different fading models are
simulated and analyzed in our investigation. More explic-
itly, the Rayleigh fading [1, 18], Rician fading [1, 18], and
Gaussian Fading [1, 18] are evaluated in the simulation.
In the practical applications in a cellular communication,
the Rayleigh fading and Rician fading model are com-
monly adopted for the performance evaluation. Hence,
in this detection, we evaluate the CDD performance in
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conjunction with the real scenario of the cellar commu-
nications. The simulation results in Fig. 9 conform to the
mathematic analysis, and we can conclude that the perfor-
mance of Rayleigh fading is the worst and the performance
of Gaussian fading is the best amongst these three fading
models.

6 Conclusions

In this paper, we investigated the BER performance of
the CDD communication system, which can exhibit the
same operation fashion as the NDD device. Moreover, the
advantage of the CDD is that the receiver can be simplified
as the matched filter or RAKE receiver by carefully select-
ing our proposed interference rejection codes—LS codes.
Hence, our proposed method can significantly reduce the
complexity and difficulty in the implementation of the
NDD fashion. Our simulation results show that the CDD
system can achieve a near interference-free performance
in a low-user load scenario due to the limited number
of available LS codes having a certain IFW width; more
explicitly, our simulation and analysis show that the CDD
system can achieve an ideal performance when the num-
ber of user K < 32, and in this condition, a simple
matched filter or RAKE receiver is sufficient to combat all
the interference. For future research, the method of the
smart assignment of the spreading codes will be investi-
gated to reduce interference between neighboring nodes
and increase the capacity and spectrum efficiency of the
CDD network.

G=128, K=16,1=0.2, Lr=3 Lp=4,

——m=1/2, Rayleigh fading
—s—m=2, Rician fading
——m=10, Gussian fading

E,/N,[dB]

Fig. 9 BER performance of the CDD communication system in adjunction with different fading channel models
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