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Abstract—High-rate uplink transmission is realized by
proposing a hybrid multicode (MC)/variable spreading factor
(VSF) direct-sequence code-division multiple-access system that
employs precoding for a constant envelope MC signal. In con-
nection with the hybrid MC/VSF and precoding scheme, a novel
two-stage -symbol group detection is introduced to maximize
the detection gain by collecting all the signal energy carried over
the entire MC channels. With fixed , the symbol-error rate
of the proposed hybrid scheme is derived for varying spreading
factor per symbol, considering both identically and nonidentically
distributed channel statistics. While the information rate and
average transmit power per bit are kept the same, it is shown
that, with manageable receiver complexity, the hybrid scheme
can be a good alternative to multidimensional MC or, even better,
outperforming classical MC and VSF in view of the bit-error rate.

Index Terms—Constant envelope, direct-sequence code-division
multiple access (DS-CDMA), high-rate uplink transmission,
hybrid multicode/variable spreading factor (MC/VSF), precoding,
two-stage group detection.

I. INTRODUCTION

THE NECESSITY of high-rate transmission over wireless
channels is rapidly growing due to an increasing demand

of data services. However, typical approaches to providing the
data rates above 2 Mb/s have mostly been devised for the down-
link due to traffic asymmetry and power limitation [1]. Espe-
cially in a cellular environment, the uplink channel is power
limited due to a small size handset and is also affected by a
nonlinear distortion since a cost-effective and power-efficient
amplifier is typically required. With the facts, it is very hard to
increase the rate up to 2 Mb/s in the uplink while meeting the
quality-of-service (QoS) requirements. Besides, the multilevel
modulation to increase the rate is not suitable for high-rate up-
link transmission because of the nonlinear distortion.

For this reason, direct-sequence code-division multiple ac-
cess (DS-CDMA) is well combined with the variable spreading
factor (VSF) scheme to offer variable and high data rates [2],
[3]. By adapting the spreading factor (SF) to the data rates with
fixed chip rate, it avoids the nonlinear distortion and also results
in simplified receiver structure. However, a maximum achiev-
able data rate is actually limited by any minimum value of SF
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to be required in order to meet a given QoS. Meanwhile, to cir-
cumvent this limitation, we may consider the multicode (MC)
option for DS-CDMA, which inserts more parallel channels in
proportion to the data rates and maintains a constant SF [4], [5].
However, it requires precoding to achieve a constant envelope
by which some redundancy is added [6]–[8]. When detection
is performed per parallel channel, the signal energy carried over
precoding channels is not collected so that the BER is degraded.
Such degradation in BER becomes severe when a maximum
data rate is serviced and limits the maximum number of MC
channels, i.e., the maximum data rate.

Based on the above observations, a hybrid MC/VSF scheme
is proposed to meet the uplink channel requirements through
a compromise between the minimum SF and the maximum
number of MC channels. To overcome the BER degradation
by precoding, a two-stage -symbol group detection is
introduced to collect all the signal energy embedded in the
entire MC channels. Compared to the MC option, the hybrid
scheme requires much less MC channels so that the symbol
detection can be made with a modest increase in receiver
complexity. In particular, the multidimensional MC (MDMC)
DS-CDMA scheme has been proposed in [9] to further increase
the data rate by compensating for the loss in information rate
by precoding. A symbol-by-symbol detection was first used to
mitigate the bit-error rate (BER) degradation by precoding, but
restricted to -parallel symbol detection with . Even
with -parallel symbol detection, the complexity order here
is kept the same as -parallel symbol detection of the MDMC
scheme with the aid of the two-stage group detection.

With fixed , the hybrid MC/VSF scheme is analyzed in
terms of the symbol-error rate (SER) for varying SF to provide
variable and high data rates, where both identically and noniden-
tically distributed channel statistics are considered. In addition,
two-antenna diversity is employed at the receiver to offer a reli-
able uplink even with high data rates. Then, the hybrid scheme
is compared with the MDMC in terms of the BER while the
data rate is kept constant with comparable receiver complexity.
To show superiority over classical MC and VSF, the BER of the
hybrid scheme is also compared with the corresponding BERs,
even though there is a modest increase in receiver complexity
due to the -parallel symbol detection.

The rest of the paper is organized as follows. In Section II, the
system model is given, in which a high-rate user coexists with
interfering low-rate users and the hybrid MC/VSF signaling
is modeled for uplink high-rate transmission. To realize the

-symbol detection, we propose a two-stage group detection
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in Section III for which decision statistics are formulated. Sec-
tion IV derives approximate bounds on the SER performance
for the two-stage group detection, which result in tractable
definite integral forms. Theoretical and simulation results are
presented in Section V to verify the improvement in SER by
the group detection. Finally, concluding remarks are given in
Section VI.

II. SYSTEM MODEL

The hybrid MC/VSF scheme can be viewed as a special form
of the MC option, while the SF can be reduced to provide the
data rates above a certain limit. Assume that there are -par-
allel MC channels in the MC option given the SF is chips
per symbol. Then, the hybrid scheme adjusts the SF to be

, as the data rate increases, under the con-
straint .

A general format of MC signaling can be found in [10] and
[11], where there exists only the difference between them in the
way that concatenated channelization (orthogonal) codes are
formed. This paper is concerned with the comparison between
MC/VSF and MDMC, including VSF and MC and, hence, it is
necessary to adopt the same MC signal format as proposed in
[9] while MD signaling is replaced by the VSF option here to
adjust the SF for higher data rates.

Following the MC format as given in [9], the hybrid MC/VSF
baseband signal can be expressed by

(1)

where is the signal power per channel,
is the -parallel binary data at

the th signaling time, and denote the Walsh
and data symbol times, respectively, is the SF (vari-
able), and is the frame length.

The Walsh code waveform , , is
given by

(2)

where is a rectangular chip pulse occupied in with
unit magnitude and denotes the th row
vector of Hadamard matrix with elements . In
order to have an in-phase quadrature code-multiplexed
channel, the spreading code waveform is designed as

(3)

where the (fixed) chip time is given by .
To illustrate the MC/VSF signaling, for instance, we assume

that , , and . When a precoding
of rate 9/16 is employed, 9-b information can be sent on 16 par-
allel MC channels during the symbol time .

To increase the rate to 18 b per symbol, the hybrid MC/VSF re-
duces the SF to and
with (fixed) . However, if the MC option is employed,
it is required to increase for a constant envelope. Like-
wise, for 36 b per symbol, the hybrid scheme reduces the SF to

while the MC option should increase ,
which is not feasible for practical implementation. Furthermore,
the hybrid MC/VSF can increase the data rate up to 72 b per
symbol (128 chips) using -parallel MC channels where
the SF is reduced to , while satisfying the con-
straint . Note that this is equivalent to the effective SF
per bit less than 2 in case of the VSF.

For comparison, the MDMC signaling is introduced as pro-
posed in [9]

(4)

where the -ary orthogonal signaling by the modulating se-
quence is used
on each subset of MC channels (for details, refer to
[9]). Here, takes an integer from

with , where is the greatest integer not ex-
ceeding . For instance, if , , , and

are assumed, the MDMC can send 18 b per symbol using
the precoding of rate 9/16 as before. In this case, the MDMC can
be compared with the hybrid MC/VSF having the SF
at the same data rate.

A high-rate user will choose either the hybrid MC/VSF signal
in (1) or the MDMC signal in (4), while interfering
low-rate users can be simply modeled as

(5)
where is the th low-rate user’s signal power and

are assumed to be random binary se-
quences. Note that the bit energy is set to and

will determine the bit rate of the th low-rate user.
Generally, a high-rate user is more affected by the self-in-

terference due to a multipath fading in wireless channels and
two receive antennas are used in order to provide space diver-
sity where resolvable multipaths are modeled as

(6)

for the th antenna of the th user link. It is as-
sumed that are uniformly distributed over and that

is a set of
complex-valued Gaussian random variables. Then, the received
signal at the th antenna can be expressed by

(7)

for , denoting the convolution operation.

Authorized licensed use limited to: Sungkyunkwan University. Downloaded on February 27, 2009 at 05:41 from IEEE Xplore.  Restrictions apply.



KIM: ANALYSIS OF HYBRID MULTICODE/VARIABLE SPREADING FACTOR DS-CDMA SYSTEM 613

III. TWO-STAGE GROUP DETECTION

For a high-rate user using the MC/VSF signal in (1), the two-
stage group detection is realized in connection with precoding, in
order to increase the detection gain without causing much com-
plexity in the receiver. First, we assume parallel MC
channels for which the precoding of rate 9/16 is designed to yield
a constant envelope MC signal. The precoding designed here can
be viewed as a nonlinear block coding technique by which some
redundancy is added. The rule for adding redundancy, called the
precoding rule, is determined such that the constant envelope
property is maintained after superposition of MC channels.

Let us define

for , ; where represents
the parallel binary data . Then, the design
procedure for the precoding is described as follows.

1) For each of the first three symbols (12 b) , 1-b
precoding at the first level is performed to yield four-tuple
vectors with odd weights of ones, respectively, where the
first-level precoding rule is defined as

(8)

for each 3-b information ,
.

2) The second-level precoding rule is defined such that the
last precoding symbol (4 b) can be determined as

(9)

where
for the transpose

operation and denotes the vector product.
Note that the above mapping is equivalent to the precoding of
rate 9/16, where details are found in [7]. Hence, the precoding
inserts 7-b redundancy to carry 9-b information on
parallel MC channels.

Here, the symbol can choose any one of
, ,
, , and for

. Thus, the set of symbols
becomes biorthogonal signals, which allow us to realize the
two-stage group detection as follows. Now, a group symbol is
selected to be subject to the constraint ,

for while is precoded. Let us define
, where the cardinality equals

.1 Then, there are 64 group symbols, while each group
consists of eight distinct elements such as

1If the two-level precoding designed here were not employed forM = 16

parallel MC channels, the group detection should have realized 8 = 4096-ary
symbol detection, which seems to not be feasible.

and for . Here, the sign of can
be determined by the precoding rule from (9). It is to be noted
that all elements are equivalent to with respect to the
group detection as follows.

In order to realize the group detection, we first form decision
statistics, which is given by

(10)

for ; ; ; and
. If two-antenna diversity is applied to the –channel

statistics, then the maximal-ratio combining (MRC) with uncor-
related paths yields

(11)

where the matrix has the elements
.

denotes the complex conjugate. Note that for the -channel
statistics, the real part Re in (11) is replaced by the
imaginary part Im .

The two-stage group detection can be structured as the group
detection, then the element detection to find from the group
symbol . First, the group detection to search for ,

is performed by choosing

(12)
Thus, the group detection can be viewed as a kind of envelope
detection to be applied to the parallel MC channels,
which requires 64-ary (6-b) symbol detection. It turns out that all
distinct elements of each group yield the same decision
variable .

Next, suppose that is selected as the
group symbol in (12). Then, the element detection can easily be
carried out by choosing

(13)

where the matrix is
. Here, the element

detection requires only calculation of the decision variables
, since

and for .
Finally, a symbol-by-symbol detection for the MDMC sig-

naling in (4) was performed by choosing [9]

(14)
where is an -ary orthogonal sequence of size with ele-
ments and decision statistics are found in (10) only by re-
placing , , and with , , and .
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In view of receiver complexity, the proposed hybrid MC/VSF
scheme employs 64-ary (6-b) symbol detection in the group
detection when parallel MC channels are assumed,
while the following element detection is based on 8-ary (3-b)
symbol detection. The MDMC scheme also requires 64-ary
(6-b) symbol detection when , , and are
assumed in (14). Therefore, the proposed hybrid scheme causes
a modest increase in receiver complexity compared to that of
the MDMC, but the element detection can in fact be simplified
since only three decision variables need to be computed. It is
to be noted that the uplink of IS-95 CDMA system also adopts
64-ary orthogonal modulation [12] with , resulting
in the same order of receiver complexity as the MDMC and
MC/VSF schemes. Meanwhile, the VSF and MC schemes
employ a simple bit-by-bit detection so that they have a certain
advantage of easy implementation.

IV. ANALYSIS OF HYBRID MC/VSF

The hybrid MC/VSF scheme with two-stage group detection
is analyzed in view of the SER when the precoding of rate 9/16
is adopted in parallel MC channels for a constant en-
velope. Let us define

(15)

for where . As-
sume that was sent; then, the decision variable
can be written as

(16)

where the composite interference results from the other-
user interference and the -channel self-interference

(17)
Following Appendix A in [9] with , it can be shown

that

(18)

(19)

for identically distributed channel statistics
and . Here, the partial chip–pulse correla-
tion is defined by , uni-
formly distributed over . Note that if , then

, namely, uncorrelated. In addition, by
the orthogonality among parallel MC channels, it becomes

, uncorrelated if .

For the two-stage group detection, the probability of symbol
error incurred by the group detection in (12) is defined by

(20)

where for and the decision variable
simply reduces to

(21)

while is given by (16) with replaced by . Let us
define the set

for ( denotes the cartesian product) and it is shown
in Appendix A that
where except , desired group
symbol. By the precoding rule from (9), if there is a mismatch
as for some , there should be another mismatch
for , which means in (20).

Since for there exists a lot of depen-
dency due to for any belonging to two elements in
the same set or different sets and for . For this
reason, it is highly expected that the pairwise error probability
for two disjoint and mutually uncorrelated elements, namely,

and in as a lower bound, can be a
good approximation to 2

(22)

which is validated by the simulation. Substituting (16) and (21)
into (22) gives the bound

(23)

where with second moment

and per-symbol signal-to-interference ratio
(SIR) is evaluated as

(24)

2All other elements in L , f = 1; 2; 3; are partially correlated with the two
elements in terms of � (n; e ).
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It is assumed that the composite interferences are
dominant in uplink high-rate DS-CDMA transmission, which
are modeled as Gaussian because of the multipath-induced in-
terferences. Conditioned on in (24), the probability of symbol
error can be derived in Appendix B as

(25)

Let define , where

(26)

Then, the probability density function (pdf) of is derived as
[13]

(27)

for identically distributed channel statistics.
Now, if an average of (25) is taken with respect to , it can be

further evaluated in Appendix C as

(28)

where and

for and
.

Next, nonidentically distributed channel statistics are con-
sidered to evaluate in (23). It is assumed that the path
gains with same delay are the same for two antennas with

[14]. Then, it becomes ,
where

(29)

for ; . Applying the characteristic function
method in [15], the pdf of can be derived as

(30)

where .

By taking the average of (25) with , it follows that (see
(31) at the bottom of the page).

Finally, the element detection in (13) gives rise to a symbol
error even if the group detection is correctly made, which is
defined by

(32)
for the event as a correct group detection, i.e.,

It is noted that

(33)

because of .

(31)
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Fig. 1. SER versus K for the hybrid MC/VSF under equal path gain.

Similarly, as in (22) and (23), is derived by the pairwise
error probability, i.e.,

(34)

where has been assumed for with
for two mismatches. Conditioned on , it can be eval-

uated as

(35)

which yields from (33). It turns out that

(36)

for typical values of and, hence, the SER performance here is
analyzed based on the group detection only.

V. RESULTS

To begin , key system parameters for performance evaluation
are assumed as follows: number of MC channels , SF

, number of users – , and number of paths
, where unequal path gains are given by ,

, and and the precoding of rate 9/16
is adopted. Also, the power ratio , is set to
the value with since at the
rate b per chips by the hybrid MC/VSF, given 1 b
per chips for a low-rate user in (5). Here, the data
rates are varied depending on with ,

which result in the rates 18, 36, 72 b per
chips, respectively.

To fairly compare the hybrid MC/VSF scheme with MDMC,
the precoding rule from (9) is exploited in both schemes. In
fact, the group detection of the hybrid scheme was realized in
connection with the precoding to minimize receiver complexity
where the MRC with paths was employed in (11). Likewise,
the MDMC scheme uses the error detection by precoding, which

gives adaptive selection combining (SC)/MRC receiver as fol-
lows. First, the SC combines the strongest (highest SIR)
paths among available ones for initial data detection. If
there is an error detected, detection is repeated using the MRC
with paths. It is seen by the simulation that some detec-
tion gain can be achieved using adaptive SC/MRC rather than
MRC in case of the MDMC below.

First, theoretical results on the SER are presented for the
group detection of the hybrid MC/VSF scheme in Figs. 1 and 2
for varying where equal and unequal path gains
are assumed, respectively. Simulation results are also provided
to see the performance behavior of the approximate bound on

, as given in (22). The lower bound is not tight, but the
relative behavior versus fits the simulation results well. It
implies that the approximate bound is meaningful to find the
degradation in SER as the SF is reduced to increase the data
rate. Also, this observation is equally valid when either identi-
cally or nonidentically distributed channel statistics are consid-
ered. With parallel MC channels, the hybrid scheme
can coexist with low-rate users at the high rate of 18 b
per chips subject to the (uncoded) SER below ,
even for the unequal path gains. For example, if the low-rate car-
rying voice traffic is 8 kb/s, then the high rate of 144 kb/s can
be supported for data traffic with high (coded) QoS.

Next, the hybrid MC/VSF scheme is compared with MDMC,
MC, and VSF subject to the same data rate, i.e., 18 b per

chips except VSF, in terms of the simulated BER with fixed
. Here, the VSF scheme conveys 16 b per

chips to have an effective SF per bit that is an integer, namely,
(chips/bit). To minimize envelope variations for the

MC scheme, we adopt the precoder of rate 18/32 that is realized
by two precoders of rate 9/16 in parallel. In this case, the MC
scheme has the peak-to-average ratio of two while the hybrid
MC/VSF, MDMC, and VSF schemes have the peak-to-average
ratio of one, because the constant envelope is maintained. Then,
the BER would be deteriorated if nonlinear distortions are con-
sidered for the MC scheme, which are not considered here.

Fig. 3 shows the corresponding BER curves versus under
equal path gain, which verifies the detection gain by the
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Fig. 2. SER versus K for the hybrid MC/VSF under unequal path gains.

Fig. 3. BER versus K for performance comparison under equal path gain.

two-stage group detection. As the number of users de-
creases, the MDMC scheme with adaptive SC/MRC is compa-
rable to the hybrid scheme or even performs better for .
However, the hybrid scheme gives slightly better BER perfor-
mance for the medium range of due to the -symbol
detection while -symbol detection was used for the MDMC
scheme. For comparison, the MDMC scheme with MRC is
also included in the BER curves, which identify a loss in
diversity gain. Besides, it is observed that conventional MC
and VSF schemes are far inferior to the MDMC and hybrid
MC/VSF schemes, but the performance gain is reduced for
large , compared to the VSF scheme. This is because the
high-order modulation is more sensitive to the low-rate user in-
terference compared to the binary signaling of the VSF scheme.
Hence, it is necessary to employ some techniques to mitigate
the other-user interference (for instance, multiuser receivers in
[16]) by which the detection gain can be fully assured for the

-symbol group detection.
In the case of unequal path gains, the BER curves are shown

in Fig. 4, in which the same performance behavior is observed

as in Fig. 3. It is important to note that the combined effects of
worse fading and large multiple-access interference (MAI) are
detrimental, especially to the MDMC. But the hybrid MC/VSF
scheme provides a certain gain in BER even though the gain is
much reduced here for large . Also, it is noted that the BER
curve would be a bit deteriorated for the VSF scheme if the data
rate is kept the same.

Finally, the BER performance comparison as a function of
is carried out for the hybrid MC/VSF and VSF schemes. With an
integer-effective SF per bit, the data rates of 16, 32, and 64 b per

chips are possible for the VSF scheme when
for , respectively. Thus, the hybrid

scheme sends additional 2, 4, and 8 b for the corresponding
in the parallel MC channels. It is found in Figs. 5 and
6 that additional 12.5% gain in data rate can be achieved for
the hybrid scheme subject to , while the gain is not
supported with lower . It can be interpreted that the
processing gain is not enough to realize the detection gain by
the -symbol group detection in an interference-limited uplink
channel with multipath fading, especially when .
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Fig. 4. BER versus K for performance comparison under unequal path gains.

Fig. 5. BER versusK for performance comparison as a function of N under equal path gain.

Fig. 6. BER versus K for performance comparison as a function of N under unequal path gains.
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VI. CONCLUSION

For reliable high-rate uplink transmission, a hybrid MC/VSF
scheme has been proposed to fulfill a compromise between the
minimum SF and the maximum number of MC channels. This
realization is based on the characteristics of uplink channel,
namely power limitation and nonlinear distortion, which require
a certain SF via MC transmission. For this reason, precoding to
minimize envelope variations as a result of MC option is prereq-
uisite for uplink power-efficient channel. This underlying fact
has been motivated to realize the two-stage -symbol group
detection to recover some signal energy loss by precoding.

First, it was shown that the hybrid scheme assures a certain
detection gain by the use of the -symbol group detection.
Second, the detection gain can fully be achieved by mitigating
the combined effects of MAI and multipath fading. Especially,
some reduction in the MAI using the multiuser receiver is sug-
gested in connection with the group detection. Also, multiple
receive antenna diversity may be effective to make the group
detection attractive to the (base) receiver. Third, it was found
that the hybrid scheme can provide additional 12.5% gain in
data rate compared to the VSF, with SF exceeding the number
of MC channels.

APPENDIX A
CARDINALITY OF THE SET

First, to find , any two positions with mismatch are selected

in ways, where . Suppose that

was chosen as the group symbol in
(12). Then, there are three different symbols for

as the group symbol in one position, but the
symbol in the other position is fixed by the precoding rule from

(9). This implies that .

Next, any three positions with mismatch are selected to find

in ways and then six different combinations can be

placed into the three positions. For instance, if
with and are the three positions with mis-

match, then any one of can be chosen but
and otherwise, i.e., if , then , contradic-
tion! So there are two cases for each resulting in

six combinations. This produces .

Finally, using the fact that
yields .

APPENDIX B
DERIVATION OF IN (25)

From (20) and by definition on , the union bound can be
expressed by

(37)

Since most probable errors result from the events defined on
and there is a lot of dependency among elements even in ,

is well approximated by the pairwise error probability
for the two disjoint and mutually uncorrelated elements in ,
as given in (22). It can be formulated as

(38)
by (23) along with and .

It is simply evaluated as

(39)

Conditioned on and through a rotation of the axes and
by , it is further evaluated as

(40)

where and
with .

By taking the expectation in (39) with respect to ,
it follows that

(41)

where . Then,
applying the definite integral forms such as [17]

can be evaluated as given in (25).

APPENDIX C
EVALUATION OF IN (28)

By the change of variables in (25),
it can be rewritten as

(42)
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(43)

Performing the integration on gives the finite integral form
shown in (43) at the top of the page where

. Now, taking the average with respect to

(44)

yields in (28).
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