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SUMMARY

In next generation wireless network, significantly higher rate data services of close to 1 Gpbs are expected.
The wireless channels for such a broadband data transmission become severe frequency-selective.
Frequency-domain equalisation (FDE) technique may play an important role for broadband data
transmission using multi-carrier (MC)- and direct-sequence code division multiple access (DS-CDMA).
The performance can be further improved by the use of multi-input/multi-output (MIMO) antenna diversity
technique. The downlink performance is significantly improved with FDE. However, the uplink
performance is limited by the multiple access interference (MAI). To remove the MAI while gaining the
frequency diversity effect through the use of FDE, two-dimensional (2D) block spread CDMA can be used.
Recently, particular attention has been paid to MIMO space division multiplexing (SDM) to significantly
increase the throughput without expanding the signal bandwidth. In this paper, we present a comprehensive
performance comparison of MC- and DS-CDMA using FDE. Copyright © 2008 John Wiley & Sons, Ltd.

1. INTRODUCTION

The next generation wireless networks are expected to
support extremely high-speed packet data services of
100 M—-1 Gbps [1]. However, the received signal spectrum
is severely distorted due to the frequency-selective fading
and thus, the use of advanced equalisation techniques is
indispensable. Direct-sequence code division multiple
access (DS-CDMA) with coherent rake combining used
in the present 3rd generation wireless networks [2] provides
very poor performance because of strong inter-chip inter-
ference. Multi-carrier CDMA (MC-CDMA) [3-5] with fre-
quency-domain equalisation (FDE) has long time been
considered as a broadband multiple access technique since
it can take advantage of the channel frequency-selectivity
to improve the transmission performance. Single-carrier
signal transmission performance in a frequency-selective
fading channel can be significantly improved by the use
of low-complexity FDE [6]. FDE based on minimum mean
square error (MMSE) criterion can also be applied to
DS-CDMA to replace the coherent rake combining [7].

In the downlink (base-to-mobile), different users’ spread
signals are code-multiplexed. MC- and DS-CDMA with
MMSE-FDE can achieve almost the same downlink trans-
mission performance. Further performance improvement
can be achieved by additional use of multi-input/multi- out-
put (MIMO) antenna diversity [8, 9]. However, in the uplink
(mobile-to-base) transmission, different users’ signals go
through different channels and asynchronously received.
This produces the multiple access interference (MAI) and
limits the uplink performance. Although multiuser detection
(MUD) [10, 11] can be used to mitigate the detrimental
effects of MAI, the MUD algorithms are relatively complex
and their computational complexity increases exponentially
with the number of users. To remove the MAI while gaining
the frequency diversity effect through the use of FDE, block
spread CDMA can be used [12, 13]. Two-dimensional (2D)
block spreading (frequency-time domain block spreading)
[14] allows multi-rate transmissions.

For broadband packet access, hybrid automatic repeat
request (HARQ) with channel coding and FDE is a promis-
ing error control technique to increase the packet throughput
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in a frequency-selective fading channel [15]. Although the
target peak data rates in the next generation systems is as
high as 1Gbps, the available bandwidth is limited (e.g.
100MHz). To increase the throughput without expanding
the signal bandwidth, MIMO space division multiplexing
(SDM) has been attracting a particular attention [16-18].
In MIMO SDM, the data to be transmitted is transformed
into parallel data streams and each stream is transmitted
simultaneously from a different transmit antenna with the
same carrier frequency. At the receiver, a superposition of
different data streams transmitted from different antennas
is received. To exploit the channel frequency-selectivity,
signal detection needs to be combined with FDE.

Both MC- and DS-CDMA have a high flexibility to pro-
vide variable rate transmissions by using multiple spread-
ing codes in parallel (called multicode CDMA), yet retain
multiple access capability. FDE is a key technique for both
CDMA. So far, many works have been done for improving
the transmission performances of MC- and DS-CDMA
with FDE. In this paper, we present a comprehensive per-
formance comparison of MC- and DS-CDMA with FDE.
In multicode CDMA, different sets of spreading codes
are assigned to different users according to their requested
data rates. However, in this paper, we only consider the
single-user transmission case. The remainder of the paper
is organised as follows. In Section 2, we discuss similarity
of both CDMA with FDE. MIMO antenna diversity jointly
used with FDE is presented in Section 3. Section 4 presents
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2D block spread CDMA. Frequency-domain HARQ and
MIMO SDM are presented in Sections 5 and 6, respec-
tively. Section 7 concludes the paper.

2. SIMILARITY OF MC- AND DS-CDMA

Figure 1 illustrates the transmitter/receiver structure of
multicode CDMA using MMSE-FDE. A data-modulated
symbol sequence to be transmitted is serial-to-parallel
(S/P) converted to U parallel symbol streams, and then,
multicode spreading is done using U orthogonal spreading
codes {c,(t); t=0~SF—-1)}, u=0~U-—1), with
spreading factor SF, and further multiplied by a scrambling
sequence ¢y (f). For MC-CDMA, N -point inverse fast
Fourier transform (IFFT) is applied to generate the time-
domain MC-CDMA signal with N, subcarriers. In DS-
CDMA transmission, however, no IFFT is required. Each
signal block is transmitted after inserting a cyclic prefix of
N samples into the guard interval (GI). At the receiver, the
received signal block is transformed by N.-point FFT into
N, subcarrier components {R(k); k=0~ (N.— 1)}. FDE is
carried out as R(k) = w(k)R(k) for k=0~ (N, — 1), where
w(k) is the MMSE-FDE weight given by

H" (k)
|H (k) [*+(U /SF) ™ (E/No) ™

w(k) =
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Insertion of GI

N -Point [FFT

Received
data

0

Data demod.

Despreading

Figure 1. CDMA transmitter/receiver structure. (a) Transmitter, (b) Receiver.
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BLOCK CDMA TRANSMISSION

where H(k) is the channel gain at the kth subcarrier and
EJ/Ny is the average received signal energy per data
symbol-to-AWGN power spectrum density ratio. For
DS-CDMA, the time-domain chip sequence is recovered
by applying N.-point IFFT to {R(k); k =0 ~ (N, — 1)},
while it is not required for MC-CDMA. Descrambling
and multicode despreading are carried out to get a soft-
decision symbol sequence for data demodulation. As seen
from Figure 1, the difference between MC- and DS-
CDMAA is the location of IFFT function. IFFT is required
at the transmitter for MC, while it is required at the recei-
ver for DS. This leads to a new transceiver, based on soft-
ware-defined radio technology, which can flexibly switch
between MC-CDMA and DS-CDMA.

The uncoded BER performances of MC- and DS-CDMA
are plotted in Figure 2 when SF=U=1, 16 and 256 (full
code-multiplexing). MC-CDMA using SF=1 corresponds
to OFDM. As SF increases, larger frequency diversity effect
is obtained in MC-CDMA, and hence, the BER perfor-
mance improves even without channel coding. In DS-
CDMA, on the other hand, since one data symbol is
spread over all the subcarriers and the channel frequency-
selectivity is fully exploited by MMSE-FDE, a good BER
performance is obtained irrespective of SE. Application of
channel coding significantly improves the BER perfor-
mance. For R = 1/2-rate turbo coding with i = 8§ iterations
of Log-MAP decoding, MC- and DS-CDMA with
MMSE-FDE provide a slightly worse BER performance
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Figure 2. Uncoded BER performance comparison of MC- and
DS-CDMA with MMSE-FDE.
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than OFDM. This slight performance degradation is mainly
due to the presence of residual inter-code interference/inter-
chip interference (ICI) after MMSE-FDE. The introduction
of ICI cancellation into CDMA can improve the throughput
performance and will be discussed in later sections.

3. FREQEUNCY-DOMAIN MIMO ANTENNA
DIVERSITY

Antenna diversity is a well-known technique to improve
the transmission performance. Space-time block coded
joint transmit/receive diversity (STBC-JTRD) was pro-
posed [19] that can use an arbitrary number of transmit
antennas while limiting the maximum number of receive
antennas to four. In a frequency-selective channel, the
frequency-selectivity can be exploited to improve the per-
formance by introducing the frequency-domain pre-
equalisation [20] to STBC-JTRD for both CDMA [21].

At the transmitter, the multicode CDMA signal is
divided into a sequence of G information blocks. For
DS-CDMA, N.point FFT is applied to decompose the
gth chip block, g =0~(G — 1), into N, subcarrier compo-
nents {S,(k); k=0~ (N, — 1)}, while it is not required for
MC-CDMA. The resulting G consecutive components
{So(k),- -+, Se(k),---, Sg_1(k)} of the kth subcarrier are
encoded into N, parallel codewords; the nth codeword
consisting of a sequence of Q subcarrier components
{So, (k) -+, Sqn, k), -+, So—10, (k) }, B, =0~ (N, — 1), is
transmitted from the n,th transmit antenna after perform-
ing N.-point IFFT. For N,=2, 3 and 4, (G, Q)= (2, 2),
(3, 4) and (3, 4) and the corresponding code rates are
R=1, 3/4 and 3/4, respectively. A superposition of N,
codewords 1is received via a frequency-selective fading
channel. A simple STBC-JTRD decoding is carried out
by using N, parallel received codewords {r,, (1); g =
0~ (Q—-1), n, =0~ (N, — 1)} [21]. For MC-CDMA,
after transforming the decoder output {7,(r); t =0~
(N. — 1)} into the N, subcarrier components by N.-point
FFT, the descrambling and despreading are carried out to
get a sequence of the decision variables. For DS-CDMA,
FFT is not required.

Below, the encoding/decoding algorithm is presented for
the case of N,=2 only. G=2 information symbol blocks
are encoded into two codewords, each consisting of Q =2
consecutive blocks {5, (k); ¢ =0 ~ 1} given as

Som (k) _ So(k)won, (k) + S1(k)wi (k)
(5(1n (k) ) E<53(k)wl,nf (k) — 81 (k)wou, (k) )
(2)
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Figure 3. Turbo-coded BER performance of STBC-JTRD.

(a) Transmit diversity effect, (b) Receive diversity effect.

where w,_, (k) is the MMSE pre-equalisation weight,

given as [21]

Hy o, (K)
T =L =SC
£S5 0P + (45)

n, =0 n,=0
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with H,, , (k) representing the channel gain between the
nth transmit antenna and the n,th recelve antenna at the
Ne—1 2
kth subcarrier. Cy, = Nc/ Zn,—() 0 Ek =0 |Wm n, (K)|
is the power normalisation coefﬁc1ent The corresponding
STBC-JTRD decoding is expressed as

(;'o(t)> [ ro0(t) + 77 (Ne — 1)
F(r))  \roat) —rig(Ne —1) ) (4)
forr =0~ (N, — 1)

We consider the full code-multiplexing case (i.e.
SF=U) and show how the STBC-JTRD improves the
BER performance. The R = 1/2-rate turbo-coded BER per-
formance using frequency-domain STBC-JTRD having
N, =2 receive antennas is plotted in Figure 3 as a function
of the average total transmit energy per information bit-to-
AWGN power spectrum density ratio E,/N,. Figure 3(a)
shows the effect of transmit diversity with N, as a para-
meter for N, =2. For comparison, the BER performance
of the space-time transmit diversity (STTD) [9] jointly
used with FDE (called frequency-domain STTD) is also
plotted. By increasing N, from 2 to 4, frequency-domain
STBC-JTRD consistently improves the BER performance
while frequency-domain STTD provides almost the same
BER performance irrespective of N,. Figure 3(b) shows
the effect of receive antenna diversity with N, as a para-
meter for N,= 2. It can be seen from Figure 3(b) that when
N, increases, frequency-domain STTD can significantly
improve the BER performance, while frequency-domain
STBC-JTRD can only slightly improve the performance.
This indicates that frequency-domain STTD is a good
option for the uplink applications. Frequency-domain
STBC-JTRD is advantageous for the downlink applica-
tions, where the allowable number of receive antennas at
a mobile terminal is limited.

4. 2D BLOCK SPREAD CDMA

Using MMSE-FDE, users of different data rates can be
code-multiplexed without causing significant performance
difference in the downlink case. However, as the number
of users increases, the BER performance degrades since
the ICI gets stronger due to orthogonality distortion in a
severe frequency-selective fading channel. This can be
avoided to certain extent by introducing 2D block spread-
ing to MC-CDMA [22]. This 2D block spreading can also
be applied to DS-CDMA, resulting in 2D block spread DS-
CDMA [13]. In the uplink case, the orthogonality among
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Figure 4. Two-dimensional block spreading for MC-CDMA.

different users is always distorted, resulting in the MAI.
The 2D block spreading can be applied to both MC- and
DS-CDMA in order to remove the MAI while gaining
the frequency diversity effect by MMSE-FDE.

As shown in Figure 4, each data symbol to be trans-
mitted is spread in both frequency- and block time-domain
using 2D block spreading code. The 2D block spreading
code is a product code of two orthogonal spreading codes.
It is represented in a matrix form as C, = ¢,(c/)" with
SF, = SF x SF/, for the uth user, where ¢/, and ¢/ are
the column vectors representing block time-domain and
frequency-domain spreading codes with spreading factor
SF, and SF’; respectively. The block time-domain spread-
ing code is used to remove the MAIL. As many as U users
can be multiplexed without causing MALI if the condition
Zli]:_ol (1/SF)<1 is satisfied. The frequency-domain
spreading code is used to gain the frequency diversity
effect through MMSE-FDE. The optimum choice
of (SF, SF’;) for the given spreading factor SF, is
(U, SF,/U), where U should be a power of two. The 2D
block spread DS-CDMA uses the same block time-domain
spreading as 2D block spread MC-CDMA, but replaces
frequency-domain spreading by DS time-domain spread-
ing (i.e. IFFT is removed from the transmitter).

Figure 5 plots the uplink BER performance of R = 1/2-
rate turbo-coded 2D block spread CDMA with SF, = 16.
The BER performance of conventional CDMA is also
plotted. MC- and DS-CDMA using 2D block spreading
can achieve almost the same BER performance. As U
increases, the uplink BER performance degrades. This is
because the frequency diversity effect decreases due to
reduced spreading factor SF’; in the frequency-domain
(to keep the spreading factor SF, = SF; X SF’; the same).
However, the BER performance of 2D block spread
CDMAA is significantly better than that of the conventional
CDMA.

Copyright © 2008 John Wiley & Sons, Ltd.
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Figure 5. Turbo-coded BER performance.

5. FREQUENCY-DOMAIN HARQ

We consider turbo-coded type II HARQ S-P2 [23]. From
the R = 1/3-rate turbo encoder outputs (the systematic bit
sequence and two parity bit sequences, each has a length of
Kbits), three transmit packets are constructed. The 1st
packet consists of the systematic bit sequence only and
the 2nd and 3rd packets are taken from two punctured par-
ity bit sequences. If the transmission of the 1st packet has
failed, the 2nd packet is transmitted; then R = 1/2-rate
turbo decoding is carried out using the received Ist and
2nd packets. If any error remains in the decoded packet,
the transmission of the 3rd packet is requested to carry
out R = 1/3-rate turbo decoding. Because of the uncoded
transmission of the 1st packet, the throughput performance
of full code-multiplexed CDMA is higher than that of
OFDM in a higher E /N, region owing to the frequency
diversity effect obtained through MMSE-FDE. However,
in a lower E/N, region, the throughput performance of full
code-multiplexed CDMA is worse than that of OFDM
owing to the presence of residual ICI after MMSE-FDE.

To reduce the residual ICI, iterative frequency-domain
ICI cancellation (FDICIC) [24] technique can be applied
(see Figure 6). MMSE-FDE for the ith iteration is per-
formed as R@(k) = wi(k)R(k) for k=0~(N.—1),
where w() (k) is the MMSE-FDE weight and can be
derived as
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where p,(f)(n) represents the extent to which the residual
ICI remains. p. (n) is given as

A0 = {E|lmP| = [} (©)

with p'(n) =1 and {d " (n); n =0~ (N./SF— 1)}
being the soft decision replica of the transmitted symbol
block {d,(n)}, obtained in the previous iteration.

E[ld,(n)?] is the expectatlon of 1d,(n)l?> for the given
received chip block. pj >(n — 1 means that the residual
ICI is kept intact, while pE,)( ) — 0 means that the residual
ICI is sufficiently cancelled. The residual ICI should be
removed to improve the throughput performance. FDICIC
is carried out as

RV (k) = R (k) — 19 (k (7)

i (k) is the replica of residual ICI 1) (k) and is given by

RGN

where T is the chip duration, I:I<'>(k) = w) (k)H(k) is the
equ1valent channel gain after MMSE-FDE and AW (n) =

(1/SF) k"t,ls)FSF "HO (k). After performing multicode
despreading and turbo decoding, the soft symbol replica

Copyright © 2008 John Wiley & Sons, Ltd.
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Figure 7. Throughput performance of full code-multiplexed
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EZL(Z) (n) is generated using the a-posteriori log- hkehhood
ratio (LLR) from the decoder output. This replica d, (1)
is fed back to update the MMSE-FDE weight by usmg
Equations (5) and (6), and to generate the residual ICI
replica by using Equation (8) for the (i + 1)th iteration.
The throughput performance of full code-multiplexed
(U=SF) CDMA with iterative FDICIC is plotted in
Figure 7 as a function of the average received E /N, for
SF=1, 16 and 256. The achievable throughput of MC-
and DS-CDMA is higher than that of OFDM. The ICI can-
cellation with eight iterations (i=8) can significantly
improve the throughput performance. In MC-CDMA, as
SF increases, the throughput gets higher owing to the
larger frequency diversity gain. On the other hand, the
throughput performance of DS-CDMA is almost insensi-
tive to SF. This is because one data symbol is spread over
all the subcarriers and the channel frequency-selectivity
can be fully exploited by MMSE-FDE irrespective of SF.

6. FREQUENCY DOMAIN MIMO SDM

We consider (N,, N,) MIMO SDM using the iterative fre-
quency-domain interference cancellation (FDIC) com-
bined with MMSE-FDE [25] for DS- and MC-CDMA. A
data-modulated symbol sequence is S/P converted into N,

Eur. Trans. Telecomms. 2008; 19:553-560
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parallel symbol streams {d,, ,(n); n=0~(N./SF—1),
u=0~U-1)}, n,=0~(N,—1). Then, multicode
spreading using U orthogonal spreading codes with
spreading factor SF is applied to each symbol stream to
obtain the multicode chip sequence. Each resultant
sequence is transformed by N -point IFFT into the MC-
CDMA signal {s,,(7); t=0~(N.—1)}. In the case of
DS-CDMA, IFFT is not required. After inserting the GI,
N, CDMA signals are transmitted simultaneously from
N, transmit antennas. After the removal of GI, the received
CDMA signal {r, (7); t=0~N,— 1} at the n,th receive
antenna is decomposed by N -point FFT into N, subcarrier
components {R, (k); k=0~N,— 1} as

§ Ny, n,

where S, (k) is the kth frequency component of the multi-
code CDMA signal transmitted from the n,th transmit
antenna and II,, (k) is the noise.

In iterative F]?I)C (see Fl%ure 8), 2D-MMSE FDE is first
carried out as Rn, (k) = wn, k)R(k) to suppress the inter-
antenna interference (IAI) and ICI simultaneously, where
R(k) = [Ro(k),---,Rn,—1(k)]" is N,-by-1 received signal
vector and w,(li)(k) = [w((f‘)n[(k)7 . Wngl,n, (k)"
N, 2D-MMSE weight vector. wﬁf;) (k) is given as

2E;
SF - T,

)+ 1, (k) (9)

is 1-by-

-1

wi

(k)

— HI/(K)

H(k)GY (k) H" (k) + (S;‘N() IN,]

(10)

where I, is N,-by-N, identity matrix, H,, (k) and H(k) are
respectively N,-by-1 channel gain vector for the n,th trans-
mit antenna and N,-by-N, channel gain matrix, and
GY (k) = diag[gy’ (k),- -, gv_, (k)] is Ni-by-N, matrix
with gn’; (k) reflecting the contribution of interference from

Copyright © 2008 John Wiley & Sons, Ltd.
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the n/th antenna. Note that gnt and g (n = n,) corre-
spond to the residual ICI and IAI, respectlvely The resi-
dual IATI and ICI replicas are generated by feeding back

the CDMA signal replicas {S / )( k)} obtained from the
(i — Dth iteration and subtracted from R [ (k) as

2E; _

(1) 1)
R0 =R~ 7 (0 (1)

n

(i)
where Hn n,

gain for IAl and H,, 1 ) 1, (K)
for ICI with

H) ) is the equivalent channel

@—M@i(
= WS, (k)Hn, (k) - I:In,(l_k/SFJ)

(12)

After descrambling and multicode despreading, the
LLR associated with each transmitted bit is computed
[26], from which the soft symbol replicas are generated.
Then, multicode spreading and scrambling are per-
formed to obtain the CDMA signal replicas {S‘(l)( k); k=
0~ (N. — 1)}, n,=0~(N, — 1), for the next iteration. The
above operations are repeated a sufficient number of times
to sufficiently suppress the IAI and ICI.

The HARQ throughput performance of full code-multi-
plexed (U=SF) MC-CDMA (4,4)SDM with iterative
FDIC using i =4 is plotted in Figure 9 as a function of

8 IMc DS

- ¢ © w/FDIC
7 A Aw/oFEDIC

w/ FDIC
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N
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Figure 9. Throughput performance of full code-multiplexed MC-
CDMA (4,4)SDM with iterative FDIC.
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the average received E/N, per receive antenna. N, X N,
channels are independent Rayleigh fading channels having
an L= 16-path uniform power delay profile. Iterative
FDIC significantly improves the throughput performance.
The throughput performance of MC-CDMA is almost as
same as that of DS-CDMA and is better than OFDM.

7. CONCLUSION

In this paper, we have presented a comprehensive perfor-
mance comparison of MC- and DS-CDMA with FDE.
Using FDE, both MC- and DS-CDMA provide almost
the identical performance. Since both CDMA transceiver
structures are similar, a new CDMA transceiver which
can flexibly switch between MC-CDMA and DS-CDMA
can be implemented using software defined radio technol-
ogy. Although OFDMA has recently been attracting atten-
tion, CDMA still remains as a promising multiple access
technique. Since DS-CDMA signal has less peak-to-
average power ratio (PAPR), DS-CDMA is more appropri-
ate for the uplink application than MC-CDMA.
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