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Abstract. The channel capacity of multiple-input multiple-output (MIMO)
wideband CDMA system with coherent RAKE receiver is considered. General
multi-path intensity Nakagami fading and multiple-access near/far interference
channel are assumed. The analysis for system performance shows that the error
of channel estimation significantly degrades BER performance and can be
effectively suppressed by RAKE receiver and MIMO schemes. Also, an attempt
for comparing the channel capacity on different performance improvement
schemes has been made. In particular, the channel capacity of MIMO system is
compared with single-input single-output (SISO) system. The MIMO complex
spreading CDMA system with path correlation yields better performance with
respect to channel capacity than a SISO system with i.i.d. input and output. And
a discussion on the multiple-access near/far interference is also included, which
illustrates that it can be effectively limited by power control and channel
estimation schemes.

1 Introduction

To provide higher data rates for end users, as well as to accommodate more users over
wireless channels in the next generation communication systems, wideband CDMA
has become the focus of current research interests. Two of the important features of
wideband CDMA systems are the use of complex spreading and user-dedicated pilot
channel [1]-[5]. Coherent reception requires the knowledge of channel characteristics,
which are time varying in fading environments [6]. A conventional and effective
method to accomplish this task is to use a separate pilot channel or insert pilot
symbols in data symbols.

Generally, multi-path is viewed as an undesirable feature of wireless
communications. Recently, to increase the spectrum efficiency and the link reliability,
multiple-input multiple-output (MIMO) scheme is devised to exploit multi-path in a
scattering wireless channel. Previous results about MIMO channel [7], [8] confirm
that the enormous capacity gain is obtained by using the multi-element antennas. In
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Fig. 1. System structure of MIMO W-CDMA.

order to improve the channel capacity, the signals at various elements must be
uncorrelated. But multi-path components arrive from a wide range of azimuth angles
in a heavy scattering channel. If the paths are correlated due to inappropriate spacing
or mutual coupling effects, the channel capacity becomes substantially smaller.

In this paper, the channel capacity of MIMO wideband CDMA system with
imperfect channel estimation and multiple-access near/far interference is evaluated.
The channel capacity improvement due to the RAKE receiving and multiple antenna
schemes is also investigated in order to achieve reliable performance of wideband
CDMA system.

2 System Model

The system structure of MIMO wideband CDMA system is shown in Fig. 1, where M
transmitting antennas send the wideband CDMA signal over scattering wireless
channel to M receiving antennas at each symbol time.

2.1 Transmitter Model

In the reverse link of wideband CDMA systems, where an 1/Q code-multiplexed pilot
is utilized, spreading consists of two operations. The first is channelization operation,
in which pilot and data symbols on I- and Q-branches are independently multiplied
with an orthogonal variable spreading factor code and transformed into a number of
chips. The second operation is scrambling, where the resultant signal are further
multiplied by a complex valued scrambling code. This spreading scheme is called
complex spreading, as illustrated in figure 2(a).
The transmitted signal of the k-th user can be written as [1]
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(b) Receiver model

Fig. 2. Transmitter and RAKE receiver model of the k-user.

where p is chip energy of data channel, . is power ratio of pilot channel to the data
channel, p, () is data symbols for the j-th user, 4 is carrier phase, C, (n) and C, (n)
are orthogonal channel codes for pilot and data symbols, respectively, g (») and S,(n)

are real and imaginary parts, respectively, of the cell-specific scrambling sequence,
h(r) 18 impulse response of the pulse shaping filter truncated by the length of A7 for

practical systems, where A>1, and T is the chip interval. And, the power of the
transmitted signal is expressed as

P =(+g)E, [T =E,|T, )

where g is the chip energy for both data channel and dedicate pilot channel of the j-

th user.

2.2 Channel and Receiver Model

The complex low-pass equivalent impulse response of a multi-path fading channel
can be written as

L] I 3
ht)=Y o, 0Odlt-1,, 0l .

where L (L >1) is the number of resolvable propagation paths. For the sake of simple
notation, it is assumed that all users have the same number of multi-paths. aﬂ(,)eﬂw“’
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and 7,,(1) are the complex fading factor and propagation delay of the /-th path of the
Jj-th user, respectively, and a,, () is frequency selective Nakagami-distributed in

MIMO channel model. All random variables in (3) are assumed independent for j and
I. The amplitude fading in each path is assumed to be Nakagami distributed since the
Nakagami distribution is more versatile and more adequate to describe different
fading situations. The multi-path intensity Nakagami fading pdf of ¢ is given by

(Y (mg @
Af(f)—[gj F(m,)exp[ ) ]

T T

where Q :2””" Qe m =3 and O is the exponential decay ratio of the

multi-path intensity profile (MIP).
Assuming that there are J active users in the system, the received signal is given by

L , 5
r0 =YY, m8 1,0l + 1) ©)

j=1 1=0

where ) is the AWGN with double-side power spectrum density 5 /.

3 Channel Capacity Evaluation

3.1 Effect of Channel Estimation

From the analysis results of W-CDMA system, it has been seen that the channel
estimation using pilot symbols suffers from multiple-access interference and multi-
path fading. In most publications on coherent demodulation, perfect channel
estimation is assumed for the purpose of simplification. Therefore, we considered the
channel estimation error in the following performance analysis. In order to mitigate
multi-path fading effect, a RAKE receiver with pilot symbol aided coherent
demodulation and maximum ratio combining (MRC) is employed. The RAKE
receiver structure is shown in figure 2(b), where the number of branches is less or

equal to the number of resolvable paths. Assuming that the i-th path delay 7 can be

accurately estimated for the reference user (j=1), each path that corresponds to a
RAKE branch gives an output component. The outputs of all branches are added
together to form the decision statistic.

Assuming that the fading of each path is independent of each other and the output
in each branch of the RAKE receiver is independent of each other, the summed output

Z(m) = 2,»[1:)_[ z,(m) 1s a Gaussian variable with mean and variance given by

E{z(m) (6)
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and

(7

var {Z(m)
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= i var {z, (m)}

where R, is the number of RAKE finger.

Therefore, conditioned on the instantaneous multi-path fading amplitude ¢ of the
reference user, the equivalent signal-to-noise plus interference ratio (SNIR) is

expressed as
aro)f,, 1 1 AQ o (®)
é’ gN[" Eh/N(l 2'I)N
NELR(EDS L Ay ]
ngNP E})/NU 2PN

where A = 2/ 3 for rectangular pulse shaping filter, @ is channel parameter given by

Ver =

. s . . e .
Q = Z,:U E a,,l(mN)}’ and E,/N, 1S the signal-to-noise ratio.

3.2 Effect of Multiple-Access Near/Far Interference

As well known, DS/CDMA system is susceptible to multiple-access near/far
interference, which occurs when the base station input include one or more other
CDMA signals that are stronger by adjusting the transmitted power of mobile users so
that the base station gets the same power from the received signal of each
transmission. In this paper, we consider the effects of multiple-access near/far
interference on performance of the wideband CDMA system with complex spreading
scheme that has the channel estimation error. Modifying the previous equation (8), the
equivalent SNIR include multiple-access near/far interference is expressed as

0.5
Grof LY 1 a0, ¢P ®
é’ gNI’ Eb/Na 2PN j=1 Pa
2 —
! NEETS 1 AQ iﬁ ]
gngP Eb/Na 2PN J=1 Pa

where p is the power controlled reference power.

3.3 Channel Capacity of MIMO CDMA System

Consider a CDMA system with M transmitting antennas and M receiving antennas
operating in scattering and path-correlated Nakagami fading channel with different
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power profile. Assuming that the transmitted signal is comprised of M statistically
independent, equal power components, the expression for channel capacity in bps/Hz
is given as [7], [8]

_ - . (10)
C,.. (¥)=log, det[IM +LHH ]
M
where det denotes determinant of a matrix, / 4 18 the identity matrix of dimension M

where M is the number of transmitting and receiving elements. The superscript *
denotes conjugate transpose. Due to the random nature of the m xam matrix channel

transfer function A , the channel capacity c,., 1s also a random quantity. In the case

of MxMm parallel transmission of each path, and the correlation coefficient between
any two received paths is p, the channel capacity of MIMO wideband CDMA

system is obtained as

11
Coanr (7. ’P)=M10g2 (1+7( p)j 10g2 (1+WJ ( )
q M M+y(1-p)

The received signal is corrupted by AWGN and multiple-access interference signal
with statistically independent components of power s? and o}, respectively. The

quantity , is independent of M and is a random variable due to Nakagami fading

channel. The average channel capacity of MIMO wideband CDMA system,
C,.., (p,y) 18 simply the expected value of ¢ (p,y) andis given by

m,
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where 7. is the instantaneous SNR and m

Coun (P1)= J JC,M, (p.7)%

m,

c'—.x

, is the Nakagami fading parameter. In

order to simplify the numerical evaluation, it is assumed that each user has
independent but the same fading characteristics. In general, the integral of equation
(12) can be computed numerically using computer software. When the parameters set
as K=1, M=1, mM_=1, m, =1, and p =0, equation (12) reduces to the well-known

Shannon capacity formula in Rayleigh fading channel [9].

4 Numerical Results and Discussion

In this section, the effects of different parameters on the channel capacity of wideband
CDMA system with complex spreading, imperfect channel estimation by dedicated
pilot symbols, and multiple-access near/far interference are investigated by numerical
calculations. The multi-path fading is assumed to be Nakagami distributed, and the
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exponential decay ratio of MIP model is considered. Unless noted otherwise, the
decay ratio of MIP is 0.2, the number of multi-path is 8, the LPF length is 32, and the
power ratio of in-phase and quadrature branches is 0.3.
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Fig. 3. Channel capacity of MIMO W-CDMA system according to multiple-access interference
model and number of MIMO antennas (multiple-access user is 10).

Figure 3 shows the channel capacity of W-CDMA system with imperfect channel
estimation as a function of correlation coefficient p for different number of antennas,

i.e., M =10, 50. Bit-energy-to-noise power density, the number of RAKE fingers, and

the number of multiple-access users are set to 15 dB, 8, and 10, respectively. It can be
seen that the MIMO scheme takes advantage of the multi-path fading and multiple-
access user interference channel and gives better performance as the number of
MIMO antennas increases. Also, Fig. 3 illustrates the channel capacity according to
the multiple-access near/far interference model and path correlation. In this figure, we
select the three kinds of near/far interference model, and NF 1 model show the perfect
power control case. According to Fig. 3, NF2 model gives better performance than
NF 3 model. This is because NF 2 model has a small variation of power control error
than NF 3 model. In order to simplify the performance analysis, we assumed that
multiple-access near/far interference model has discrete power and users distribution.
Figure 4 shows the effects of multiple-access near/far interference model and
MIMO antennas according to the correlation coefficient p when the number of

multiple-access users is set to 30. As expected, it is shown that as the number of
multiple-access users increase, the channel capacity of MIMO W-CDMA system
decrease, and the difference of channel capacity are small according to the multiple-
access near/far interference model.

Figure 5 shows the channel capacity of MIMO W-CDMA system with perfect
power control according to the parameters N, and g /y in multi-path Nakagami

fading and multiple-access near/far interference model. The number of Tx/Rx
antennas, number of multiple-access user, and path correlation coefficient are set to
10, 10, and 0.4, respectively. In the range of E, / N,)20dB the capacity increase for

four curves is little. Specially, the difference of channel capacity is same according to
the RAKE finger atany g /v .
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Fig. 4. Channel capacity of MIMO W-CDMA system according to multiple-access interference
model and number of MIMO antennas (multiple-access user is 30).
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Fig. 5. Channel capacity of MIMO W-CDMA system according to the number of RAKE finger
and E, / N, at perfect power control case.
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Fig. 6. Channel capacity of MIMO W-CDMA system according to multiple-access interference
model, the number of RAKE finger, and E, / N, -
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Figure 6 shows the channel capacity of MIMO W-CDMA system according to the
number of RAKE finger and multiple-access near/far interference model. The number
of Tx/Rx antennas, number of multiple-access user, and path correlation coefficient
are set to 10, 10, and 0.4, respectively. For small E,/N, > the channel capacity

increases linearly with E,/N in the range of E, /N(, (1048 - But, in the range of
E, / N,)20dB the channel capacity increases according to the multiple-access near/far
interference model.

5 Conclusion

In this paper, the channel capacity of MIMO wideband CDMA system with imperfect
channel estimation and multiple-access near/far interference in path-correlated
Nakagami fading channel is evaluated. The following conclusions have been drawn.
The effects of multi-path fading, imperfect channel estimation error, and multiple-
access interference can be suppressed by RAKE receiver, I/Q complex spreading and
multiple Tx/Rx antennas scheme. The system capacity degrades significantly due to
the multiple-access near/far interference. However, this interference can be effectively
limited by power control and channel estimation scheme. Employing the multi-
element arrays at both transmitter and receiver can lead to increase the spectral
efficiency for a given total transmit power in a scattering channel. From the results,
the MIMO wideband CDMA with RAKE receiver scheme improves the equivalent
SNIR from the multiple-access users in MIMO wireless channel. The channel
capacity of the proposed MIMO wideband CDMA system may be as high as 4~5
times that with the conventional SISO system for the case of M =10 and (( p{0.4.
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