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Abstract—To provide high speed mobile services, orthogonal
multi-code transmission is employed in the orthogonal frequency
and code division multiplexing (OFCDM) system. However, in
a wireless frequency selective channel either with or without
Doppler shift, code orthogonality is distorted and multi-code
interference (MCI) is caused. The variance of the MCI is
dependent on which codes to be used. This paper investigates
the code assignment in the OFCDM system, aiming to mitigate
the MCI. The code assignment can be explored in terms of the
code distance defined in this paper. Generally, the codes with
large code distances to each other should be assigned with high
priority. Moreover, to avoid large interference from the powerful
code-multiplexed pilot channel, the time spreading code adjacent
to the pilot code in the code tree [9] is suggested not be used when
the time domain spreading factor is large. The performance of the
proposed non-sequential code assignment scheme is analytically
evaluated. It has been shown that the system performance can
be improved significantly by the non-sequential scheme under
various channel conditions, especially when a low to medium
system load is assumed.

Index Terms—Code assignment, OFDM, two-dimensional
spreading, multi-code interference, hybrid detection, Doppler
shift.

I. INTRODUCTION

HE main purpose of the 4" generation (4G) mobile

communication is to provide high rate data services up
to 100Mbps, especially in the downlink over wide coverage.
Various wireless access schemes [1-3] have been proposed for
the broadband downlink transmission in 4G systems. Single
carrier CDMA is not suitable over a broadband channel, due to
too much multipath interference (MPI) [1]. On the other hand,
although orthogonal frequency division multiplexing (OFDM)
is robust to MPI [2], it dose not have coherent frequency
diversity. Moreover, in mobile cellular systems, OFDM suffers
from adjacent cell interference unless the same sub-carriers
are not used among adjacent cells. Thus, spreading has been
introduced to OFDM to provide frequency diversity and
facilitate one-cell frequency reuse in a cellular environment.
Combining OFDM with two-dimensional (2-D) spreading
(time and frequency domain spreading) [4-6], an orthogonal
frequency and code division multiplexing (OFCDM) system
has been proposed for the downlink transmission in future
4G networks. Based on OFDM, OFCDM provides not only
advantages of OFDM, but also additional benefits by means
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of 2-D spreading. For example, frequency diversity gain can
be achieved through frequency domain spreading due to the
different fading experienced by sub-carriers in a broadband
channel. Furthermore, with the introduction of time domain
spreading, the system can provide flexible transmission rates.
The time and frequency domain spreading factors, Ny and
Np, can be changed flexibly to provide variable spreading
factor (VSF) in order for the system to work in different cell
environments and channel conditions.

Assuming a 2-D spreading factor of N = Np x Np,
each code channel in OFCDM can only convey 1/N data
symbols as many as that without spreading. In order to achieve
higher data rates, the OFCDM system employs multi-code
transmission, which was proposed a while ago for DS-CDMA
communication [7-8] as a method to support high variable
transmission rates. In the OFCDM downlink, the mobile users
are served by packet switch (or time multiplexing). At any
time instant, only one user can access the network. Thus,
multiple code channels can be assigned to a single user to
increase the transmission rate. In this case, there is no multiple
user (or multiple access) interference. However, interference
among the multiple code channels used by one user may
occur. Using orthogonal variable spreading factor (OVSF)
codes [9] as the spreading codes, the multiple code channels
can be kept orthogonal to each other at the receiver if the
channel is constant in both time and frequency domains, such
as an additive white gaussian noise (AWGN) or static flat
fading channel. However, in a broadband wireless channel,
the code orthogonality at the receiver no longer maintains
in the time domain because of the Doppler shift or in the
frequency domain because of different fading among sub-
carriers. For example, at a carrier frequency of SGHz, when a
mobile user moves at a speed of 300km/hour, the resultant
maximum Doppler shift can be as high as 1500Hz. Even
though a short packet length of 0.5ms is used in the OFCDM
system, the channel variation in one packet duration is not
negligible. Hence, multi-code interference (MCI) will occur
in the time domain. Furthermore, in the frequency domain,
the orthogonality between code channels will be distorted by
frequency selectivity due to multipath propagation, so severe
MCI also occurs. Therefore, in a broadband channel, all two-
dimensionally spreading multi-code channels in the OFCDM
system interfere with each other and the resultant 2-D MCI is
present. Finally, the variance of the MCI generated between
any pair of code channels is dependent on which codes to be
used. Use of some codes for channel spreading may result
in larger MCI than that of others. In order to improve the
system performance, MCI should be cancelled out as much
as possible. The objective of this paper is to study code
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Fig. 1. OVSF code tree.
assignment to allocate appropriate codes for data transmissions
so that the MCI on all the code channels can be mitigated.

Although code assignment has been studied in conventional
DS-CDMA systems [10-13], these studies are focused on
managing the code resource. In these studies, the physical
layer performance was not studied and the channel was
assumed to be flat fading so that there is no MCI among code
channels. However, in the broadband OFCDM system, MCI
is present and degrades the system performance. Therefore,
it is necessary to investigate code assignment and study its
physical layer performance in order to minimize its effect to
system performance. Nevertheless, so far little research has
been done on the code assignment for the multi-code OFCDM
system. Code assignment was mentioned in [6] and [14],
where time domain spreading was proposed to be used with
higher priority than frequency domain spreading. However,
there was no discussion on how to assign different codes
within time or frequency domain. Generally, codes are simply
assigned sequentially according to their code index on the code
tree [9]. Recently, a code assignment scheme was presented in
[15] for frequency domain spreading, which allocated OVSF
codes having a different ancestor code to users. In this paper,
the relationship between the code assignment scheme and the
MCI will be studied and a non-sequential code assignment
scheme for both time and frequency domain spreading will
be proposed for the OFCDM system to reduce the MCI at
receiver.

The rest of this paper is organized as follows. Section II
describes the 2-D spreading codes, defines the code distance
and introduces the system structure. Then the decision variable

is derived in Section III and the non-sequential code assign-
ment schemes are proposed in Section IV. Numerical results
are shown in Section V, where the system performance is
semi-analytically evaluated. The performance of the proposed
non-sequential code assignment scheme is investigated exten-
sively with various channel conditions. Finally, conclusions
are drawn in the last section.

II. SYSTEM DESCRIPTION
A. 2-D Spreading Codes

In the OFCDM system, data channels are 2-D spread with a
spreading factor of N = N X N, while the code-multiplexed
pilot channel is one dimensionally spread only in the time do-
main with a spreading factor of Ny. Without loss of generality,
the all ”+1” OVSF code, i.e., C’J(\EJ;, is assigned to the pilot
channel, as shown in Fig. 1. Since the numbers of orthogonal
codes are Ny and N in time domain and frequency domain,
respectively, there are (N7 — 1) Np codes available for 2-D
data channels. Assuming that K out of the (N7 — 1) N code
channels are used for data transmission, the system load is de-
fined by K /[(Nr — 1) Nr]. A 2-D spreading code is denoted
as {C](JCTT),CJ(\’,?)}, where C%CTT) = {cg\’f;)o, - -,cg\’;;)NT_l
is the time domain spreading code with length of Np and
oNr) = {CS\IICFF?O’...’CSS:;,)NF—l} is the frequency domain
spreading code with length of Ng. Both CI(\IfTT) and C’J(\if)
are OVSF codes and can be generated by a code tree. The
generation of the time domain spreading codes is shown
in Fig. 1. Similarly, the frequency domain spreading codes
can be generated by using the tree as well but with the
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Fig. 2. Two-dimensional spreading.

substitution of N7 by N and the use of the pilot code as
a data code. In the OVSF code tree, C](\?TT) stands for the
k¥ (k7 =1,..., Ny — 1) code on the (logyN7)'™" layer (see
Fig. 1), while Cy") stands for the ki (kp = 0,...,Np — 1)
code on the (log, Nr)™ layer.

The distance of two OVSF codes, C’J(\ZT) and CI(\IfTT), is

denoted as d%? ’ET), defined as N7 /2 + 1 subtracted by the
minimum length of strings of consecutive 1’s or -1’s in the

k‘T) C(kT)

code product, C’ which is given by

(k k) (k) (k) (K kr)
o) e = {elmy - e e - e,

k E
-~vCSvTT7)NT—1 SV;)NT 1} (1)

For example consider the distance between the pilot code C’]Eg)
and 6’16 Since C£6 1s the all “+1” code, the code product
C§g) C(é) equals C . There are two equal strings of eight
consecutive 1’s and elght consecutive -1’s in C£6) Therefore,
the distance is one (d 01 _ 9 -8 = 1) Furthermore,
consider the distance between C§g) and 016 There is one
string of two consecutive -1’s and 14 strings of single 1’s or
-I’s in 016 Hence, the distance between 6’16 and C(g)
d(0 =9 min{1,2} = 8. The detailed distances between
the pilot code and other codes for different spreading factors
are shown in Fig. 1. It can be seen that the code with a
minimum distance to the pilot code is always C, () Note that
the definition of the code distance here is dlfferent from that
of the Hamming distance in the coding theory.

Suppose that the 2-D code {C’](\ETT), C’](\EFF)} is the code of
interest. Excluding {C%ff), C’I(\Zf )}, the rest of the codes can
be divided into two subsets: one set, Qr = {{C’NT ) kF)} |
kr # ET}, with different time domain spreading codes from
CI(\IfTT), and another set, Qp = {{CI(\’;TT 7 kF)} | kp # kp},
with the same time domain spreading C(_)de but different
frequency domain spreading codes from C](éf). The codes in

Q7 must be orthogonal to {C%ff), C’J(\’,if )} in the time domain,
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while the codes in Qp are orthogonal to {C’;TT), C kF)} only
in the frequency domain.

B. System Structure and Channel Model

Consider the k' data code channel using QPSK and 2-D
spreading with the code {CI(\IfTT , kF)} As shown in Fig. 2,
in the 2-D spreading, each data symbol on the £*" data code
channel is firstly spread by the time domain spreading code
C’%CTT). Then, the time domain spread signal is duplicated into
Nr interleaved copies in the frequency domain and multiplied
by the frequency domain spreading code C’J(f)f). Therefore,
totally N = Np x Np spread chips per data symbol are
obtained by means of the 2-D spreading. At the same time,
on each sub-carrier, known QPSK modulated pilot symbols
are spread with Np chips only in time domain. The spread
signals on all K data code channels and the pilot channel
will be added together by a code multiplexer, then transmitted
on the N interleaved sub-carriers in parallel. Practically, each
data packet is composed of dozens (e.g., 48 in [6]) of OFCDM
symbols (or time chips), and a large number (e.g., 1024) of
sub-carriers are employed. Assuming that there are totally
M sub-carriers in the OFCDM system, M /N data symbols
can be transmitted simultaneously in the frequency domain
using all sub-carriers. With a block interleaver, the first data
symbol uses the 0, (M/Ng)™®, ..., (M — (M/Ng))* sub-
carriers, the second one uses the 1%, (M/Np + 1), ..,
(M — (M/Ng)+1)th sub-carriers, and so on. Therefore, N
OFCDM time chips and N interleaved sub-carriers carrying
the same data symbol are concerned for each data symbol.
The transmitted signal is given by

Np (k1) (kr
s0-3 3| (7 il - o)

im0 m=0 | -2 m =)y (+ —4T)

@)

where P is the signal power of one data channel, K
(K < (N7 — 1)Np) is the number of data code channels, dj,
is the data symbol of the k" data channel with |dy|> = 1,
CE\I,CT)i and cg\’;}f ,)m are chips of the time domain and the fre-

quency domain spreading codes, respectively, 3 is the power
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Fig. 3. Two-dimensional despreading and combining.

ratio of pilot to one data channel, dp is the known pilot symbol
with |dp|? = 1, f, = mM/(NgT,) represents the baseband
equivalent frequency of the (mM/Ng)™ sub-carrier, or the
mt™ interleaved sub-carrier for the concerned data symbol,
where T, stands for the effective duration of an OFCDM
symbol, T' = T, + T} is the complete duration including the
guard interval T, and p(¢) is the impulse response (unitary
rectangular) of the pulse shaping filter.

The transmitted signal passes through a broadband wireless
channel, which is highly frequency selective. However, in the
mutli-carrier OFCDM system, the signal transmitted on each
sub-carrier experiences a flat fading channel. Assuming perfect
suppression of multipath by the guard interval T}, a parallel
flat fading multichannel model can be employed [16] instead
of the conventional multipath model. Let H,,(t) represent
the complex channel fading on the (mM/Ng)™ sub-carrier,
or the m'" interleaved sub-carrier. The amplitude and phase
of H,,(t) are Rayleigh distributed with E{|H,,(t)]*} = 1
and uniformly distributed in [0, 27), respectively. The parallel
multichannel model is characterized by the time-frequency
joint correlation function of H,,(t). Assuming a U-shape
Doppler spectrum and an exponentially distributed delay time,
the joint correlation function of the corresponding parallel flat
fading multichannel is given by [17]

E{Hp, (to)Hy,, (t1)
E{[Hn (1)}
Jo(?ﬂ'fp‘to — t1|)

= 2
\/1 + [lmo — ma| M/ (NeTA )]

p(mo, m1,to,t1)

3)

“ 2

where stands for the complex conjugate, |tg — t1] is the
time difference, |mo — mq|M/(NgT.) is the frequency sepa-
ration between the mgh and mtlh interleaved sub-carriers, fp
is the Doppler frequency shift, Af. is the channel coherence
bandwidth, and Jy(-) is the zeroth-order Bessel function of
the first kind. It can be seen from (3) that the characteristics
of the channel is determined by the Doppler shift fp and and
the coherence bandwidth A f., where A f, & 1/71ns and 7y

For the MCI cancellation
on other code channels

is the root-mean-square delay of the corresponding multipath
channel. Moreover, by setting the frequency difference or
time difference to zero, the time correlation and frequency
correlation can be obtained as

E{Hp(to)H;,
pe(to. t1) = {E{ZO)(t)P(?)} = Jo(2nfplto —t1]) (4
and
E{Hp,(t)H,,
= 1/\/1 + [|m0 —my|M/(NpT.Afe) 2, (5)
respectively.

At the receiver, the signals transmitted on parallel sub-
carriers will be firstly down-converted to base-band signals.
Channel estimation is carried out on each sub-carrier by using
the code-multiplexed pilot channel [18-19]. The preliminary
channel estimations are firstly recovered by despreading the
received signal using the pilot code in time domain. If each
data packet is composed of Np OFCDM time chips, with a
pilot spreading factor of N, there are Np/Np preliminary
channel estimations in one packet. These preliminary estima-
tions will be used to predict the channel fading factor on each
OFCDM time chip by means of linear interpolation. Note that
this linear interpolation channel estimation works effectively
only when the Doppler shift is small. When the Doppler shift
is large, it is difficult to obtain accurate channel estimation
on each OFCDM time chip. Given channel information, 2-D
despreading can be carried out as shown in Fig. 3. The
received signal on each sub-carrier is firstly processed by the
time domain despreading with equal gain combining (EGC),
where Np time chips are multiplied by the time domain
spreading code O = {055;)0, .. cg\l,cf Ny—1) and the
EGC weights {w¢ Nz—1,0,-..,Wt,Np—1,Np—1} (0r channel
phases), then summed over the N chips. The simple EGC
is considered because the MCI in time domain (MCI-T) is
relatively small. Although MCI-T increases with the Doppler
shift fp, fp is limited by the moving speed of mobile stations
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Hp (t) + 1 (1) | e 2 (=) GT 4 T, — #) dt

(6)

which is generally less than 2000Hz in practice with a carrier
frequency of 5GHz. Therefore, the MCI-T in a short packet
duration (0.5ms) is less serious than the MCI in frequency
domain (MCI-F), which is caused by different channel fading
on interleaved sub-carriers in a highly frequency selective
channel. To suppress the serious MCI-F, frequency domain
despreading is carried out with superior hybrid MCI cancella-
tion and minimum mean square error (MMSE) detection [18].
The basic idea of the hybrid detection is illustrated in Fig.
3, where ") = {05557)0, .. 055: N 1} is the frequency
domain spreading code and {w fﬁ()), Cw! i Np_1} (detailed in
the next section) is the MMSE Welghts at the s'" stage of
the hybrid detection. The 0" stage of the hybrid detection is
the conventional MMSE (or pure MMSE) combining without
MCI cancellation. At this stage, the regenerated MCI-F is
zero since there are no previous data decisions. The signals
at the output of the time domain despreader with EGC are
processed directly by the frequency domain despreader with
MMSE. Then data decisions are obtained. The tentative data
decisions at the 0" stage input to a MCI regenerator with
channel information (estimated by using the pilot channel), so
that the MCI-F can be regenerated. At the 15* stage of the
hybrid detection, the regenerated MCI-F from the 0" stage is
fed back and cancelled out from the output of the time do-
main despreader. The signal after MCI cancellation is further
despread in the frequency domain with MMSE combining.
Since the MMSE weight is related to the input signal power, it
should be updated stage by stage due to the reduction of MCI
at each stage. After the hybrid detection, new data decisions
are obtained for the 15¢ stage. Similarly, they should be used to
regenerate the MCI-F for MCI cancellation at the next stage.
This iterative operation will go on until a specified number
of stages is reached. Although the hybrid detection in the
OFCDM system has been shown to be an effective technique
to reduce MCI, it will be shown in Section V that a good code
assignment scheme can help reduce MCI further.

III. DERIVATION OF MCI
A. Decision Variables

In order to propose an effective code assignment scheme
in the OFCDM system, the MCI generated from different
code channels are investigated first. After passing through
the broadband channel and corrupted by a complex AWGN,
n(t), the received baseband signal is denoted as r(¢). By
setting T}, larger than the maximum channel delay, there is
no interference from adjacent OFCDM time chips. Thus, the

output of the matched filter on the (7wM/Nz)th sub-carrier,

or the m'™" interleaved sub-carrier, in the fth OFCDM time
chip duration can be expressed as (6), where
1 T+T, _
ANi = x He(t+4T)dt @)

is the channel fading factor on the 72'" interleaved sub-carrier,

nm; is the noise component with zero mean and variance
= No/T., and Ny is the power spectral density of 7(¢).
N ote that with a broad bandwidth around 100MHz and a total
number of sub-carriers of 1024, the frequency spacing between
two adjacent sub-carriers is nearly 100KHz. In this case, the
effect of the inter-carrier interference (ICI) caused by Doppler
shift is insignificant as long as fp is less than SKHz [19-20].
Therefore, ICI term is ignored in T 7
The output of the time domain despreader with the EGC
combining is then given by (8) (shown on the top of next
page), where w, - = )\* /\)\_ | is the EGC weight, )\_— is
the estimated channel information using the code- multlplexed
pilot channel Sk_ is the useful 51gnal from the reference

code, MCI _ is the MCI-F, MCI _ is the MCI-T caused
by the pllot code and other data codes in Qp, and M is
the background noise. Since the hybrid MCI cancellation and
MMSE detection is employed in the frequency domain, at the

b stage, the regenerated MCI-F for the k}, code channel on
the My, sub-carrier is given by

NT 1
F s—1) (k
Q;C’rzl \/_Zd( NII:)m Z)\mz tmz (9)
kEQR
where dgf_l) is the data decision at the previous stage. Note

that the data decisions are not available at the zeroth stage
(ie., d(sfl) = 0 when s = 0). Then, the output of the time
domain despreader is subtracted by Q ( ) to carry out MCI
cancellation and the resultant signal i 1s glven by

P = T — QL (s): (10)

( )_is further processed by the frequency domain despreader

w1t11711 the MMSE combining, and the decision variable is given
by

(s) _ ) (kr) ()
Yo = Em N W )

5

|
CQ

(s +MCJ£T>( )+

(F) (s)

(1)
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where w( ) is the MMSE weight, given by

2| ~
E{ \v;; ni)
PX* -
» ";’lA (12)
E { ‘Vﬁm /\mi}
In practice, the ensemble average E { |’yk 7)n| ‘)\_ } can be

obtained by estimating with time, frequency and code aver-
ages. A detailed descrlptlon of the estimation algorithm was
presented in [18]. S_ is the useful signal, given by

Np—1Np—1
SY) = v/Pd Z Am | a3)
MCI (s) is the MCI-T, given by
(kr)  (Fr)  (s)
Nrp— 1CNFm Npm > fm
T
MOL(s)=VP Y di| | Ngo1 ) (Fr)
keQr | m=0 ZAmz tmz Nr 1CN i
Np— 1k Np—1 )
+VpPdp ZCNFm i Z)‘ v ? IS
m=0
MCIY (s) is the residual MCI-F, given by
[ (kr) (Fr)  (s)
Np—1 CNFm Np,m > fm
MCI (s) = VP Y dy Np—1
kEQr m=0 |\~ _Z )‘m,iwt,m,i
L i=0
Np—1 c%ﬁ%c%}f) wgf)m
VP S ATV Y | Ve (15)
keQr m=0 |\’ _Z Am,iwt,mi
=0

and 77/(?5)

is the background noise.
B. System Configurations

Unless noted otherwise, the system is configured as follows.
The system bandwidth is 100MHz. The number of sub-
carriers is M = 1024 and the resultant sub-carrier spacing

is Af = 97.7kHz. The effective OFCDM time chip duration
is 10.24pus, a guard interval Ty is 2.26us, and the complete
OFCDM time chip duration 7" is 12.5us. That is, the guard
interval is 18% of the complete time chip duration. Each
packet is composed of Np = 48 OFCDM time chips and
the packet length is 0.6ms. The 2-D spreading factor is set
to N = 16 x 4. Hence, the data symbol duration is given
by Tp = Nr -T = 0.2ms. The number of data symbols
in one packet is MNpK/N = 768K, where K is the
number of data code channels. Moreover, a parallel flat-fading
multichannel model is considered. A Doppler shift fp of
1000Hz is assumed. Note that the channel coherence time
is AT, = 1/fp = 1.0ms. Although AT, is larger than
the data symbol duration (Ip = 0.2ms), these two values
are comparable and the channel can be considered as fast
fading. Moreover, as can be seen from (5), the correlation
coefficient in frequency domain depends on the frequency
separation. Given a coherence bandwidth Af., the channel
correlation between adjacent interleaved sub-carriers is used
as a reference of the frequency correlation, which is set to

py = ps(0,1) = 1/\/1+ [M/(NpT,Af.)]* ~ 0.10, cor-
responding A f.= 2.5MHz or 7,.,,s ~ 0.4us. The correlated
Rayleigh fading channels are generated according to [21].
The average signal-to-noise ratio (SNR) per bit is defined as
SNRy, = 35N (1 + 8/K), where the power ratio between
the pilot channel and all data channels is B/ K = 0.25, which
is near the optimum value.

IV. CODE ASSIGNMENT SCHEMES
A. Time Domain Code Assignment

Investigate the MCI-T first. From the MCI-T in (8), it can
be seen that in a static fading channel, the MCI-T equals zero
since the channel fading factor )‘mi and the EGC weight
w, 77 are fixed in time domain. However, in a non-static
fadmg channel, A ; and Wy 5y 7 ATE not fixed in time domain
so that non-zero MCI T is caused The more variation the

channel has, the more MCI-T is caused. Therefore, the MCI-T

between two channels with codes C’](VkTT) and C’%CTT) is mainly
determined by the channel condition and the two codes. To
easily show the MCI-T among different codes, the output
of a simple time domain despreader without any weighting
is considered, i.e., Wyms = 1 for all 7@ and i. Section
V will show that code assignment schemes obtained with
simple depreaders without weighting can work effectively in
the OFCDM system with EGC weights in time domain and
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Fig. 4. Variance of MCI-T without weighting in time domain.

MMSE weights in frequency domain. The MCI-T caused by
the pilot channel with code C’J(\(,); to the data channel with code

CI(\IfTT) is given by

Nr—1
A k)

m,i. Nrp,i

=/ BPdp

kT 0 (16)
i=0

whereas the MCI-T caused by the data channel with code

C](VI;T) is given by
( e ()
T)
IkT,kT VPd,, § )\_c ; . (17)

Assuming that the channel is fixed within one effective
OFCDM time chip duration, ie., A\n; =~ Hp (iT), the

variances of [ li )0 and I M) are given by
kr .kt

Nr—1Np—1
k
0,3102513(2 S petioyin) et EVTT>“> (18)
10 0 ’L] =0
and
k k
Nr—1Np—1 Dt (207@1)05\,3:1005\,5,)“
kTJcT - Z Z (kr) (kr) » (19)
i0=0 41=0 : NT,iOCNT,il

respectively. Since in a non-static fading channel (i.e., with
non-zero Doppler shift), the time correlation py (ig,41) is a
function of |ig — i1/, the variances are related to C(kT and

Cz(va 7) . First of all, consider the variance U,ﬁ 0 Given NT =
16, 6 =025 x16 =4, P =1, ande_lOOOHz ok 0
is plotted as (a) in Fig. 4 as a function of the code index
k. After the pilot code, the second code to be assigned in
time domain should be the one suffering from the smallest
MCI-T caused by C’I(\?T). Apparently, it is C’%s). In order to
assign a third code, the variances, UI%T,15’ of MCI-T caused

by C’%S) to all other codes are computed. The scaled sum of
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. 2 2 . . .
the two variances, oy, + 0y, 15, is shown as (b) in Fig. 4.

It can be seen that C’]Eg) suffers from the smallest sum and
therefore, it is the third code to be assigned. The fourth code
can be assigned by selecting the code which suffers from the
smallest sum o7, + 07, 15 + 07, ¢ as (c) in Fig. 4. It can

be seen that C’{g) is the fourth code to be assigned. Similar
procedures can be kept going on until the orders of all codes
are assigned.

The code assignment schemes obtained by minimizing
MCI-T can be interpreted using code distances defined in
Section II, since MCIs are dependant on the code dis-
tance. The smaller the code distance, the larger the MCls.
As shown in Fig. 1, the code distance between the pilot
code C’](\(,J; and C’](\}; is one while the distance between
C’J(\(,)i and C’](VJ\;T_D is Np/2. According to (16), the inter-
ferences caused by the pilot channel to the data channels
with codes C(l) {1 -,—1} and C](V]\T[T_l) =

{1,-1, 1,1,17 ,+ -} are given by
Nr—1
1) =\/BPdp A 7 EV)T
Zfo
_/3Pdp o 14+ Am Ny oo 1
+>\m Ney2 s (CD A+ A v (51)
Nr/2-1
:\/ﬂ_PdP Z (’\m,i - AE,E+NT/2) (20)
=0
and
Nr—1
Nr—1
Iy, 0=/BPdp Z )‘micivTT; :
\/ﬂ_Pd 1+ )‘ﬁ71 ! (_1)
a r +)‘—2 (=D +Ams - () +--
Nr/2—1 B
/2D 5(3
=V pPdp Z (=1) ® (>‘mz§_ )‘m,22+1)’ 2D
=0
respectively, where
5 (i 0, 1=20,3,5,6,- -
(i) = 1, §=1,2,4,7,- @2)
The correlation of the fading factors )\_; and /\_7 should

be inversely proportional to the difference |z — ]| of the time
index. The differences in the time index between Am 2it1
and Az o and between Az and Az, /o are one and
Nrp/2, respectlvely Therefore, when NT > 2, the correlation
between A .7 and A 77.27+1 should be larger than that between

A and Ao /2>

II(\/T) 1.0- In order to make the MCI-T small, the code Cy, (NT b

should be assigned with higher priority than C’(lT), Wthh
is consistent with the code assignment schemes obtained by
minimizing MCI-T.

In time domain code assignment, special consideration
should be taken on the MCI-T caused by the pilot channel
since it has a higher power than that on a data channel. From

so that Il( 0) should be greater than
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TABLE I
NON-SEQUENTIAL CODE ASSIGNMENT SCHEMES

Time Domain Spreading Codes (C’J(\;; is not assigned when Np = 16)

Assignment | 1 (For ), 3 4 5 6 8 9 10 11 12 13 14 15
order pilot)
Np=4 | ¢ | ¢ | | ¢V
Nr=8 | ¢ | ¢ | ¢ || c® | e | cP | M
- (0 (15 6 (9 (12 10 (5 (3 14 (7 (11 13 (8 4 2
NT =16 016> 016 ) C;G) 016> 016 ) C;G ) 016> 016> iﬁ ) 016> 016 ) Ciﬁ ) 016> C;G) C;G)
Frequency Domain Spreading Codes
Assignment
1 2 3 4 5 6 7 9 10 11 12 13 14 15 16
order
Nr=4 |c?c?| c®|cM
Nr=8 || ¢ || e || " | M
- 0 8 (12 (4 10 6 (14 (2 9 5 (13 3 11 (7 15 (1
NT =16 C;G) Ciﬁ) 016 ) 016> C;G ) C;G) 016 ) 016> Ciﬁ) C;G) 016 ) C;G) Ciﬁ ) 016> Ciﬁ ) 016>

the curve (a) in Fig. 4, it can be seen that C](\}; suffers from
much more interference from the pilot than other codes due to
the shorter code distance between C’](\g and C](\?;. In the curve

(b), the interference on C](\};l) becomes large, due to that after
the code CI(\}TS) has been assigned, it causes large MCI-T to
05\}4) because the code distance between CI(\}4) and CI(\}‘:’) is
T T T
only one. Similarly, in the curve (c), the interference on 01(\2

is large since the adjacent code, C’J(\?; , has been assigned.

Further, the variance of the interference on C’J(\}) is still about

three times larger than that on C’]@ and C](\}jf) due to the fact
that the power on the pilot channel is four times as large as
that on one data channel, i.e., 3 = 4. Note that 3 increases
with the number of data channels K and could be much larger
than four in an OFCDM system with 2-D spreading. In that
case, the interference caused by the pilot channel is even more
serious. Thus, the code C’J(\%; , adjacent to the pilot code, is not
suitable to be assigned. Moreover, the MCI-T also depends on
the channel variation in time domain, or the Doppler shifts.
Given the same Doppler shift, the channel variation in Np
OFCDM symbol duration increases as Nt increases, which
results in a higher MCI-T for a larger N7. In summary, in
order to avoid large pilot interference, C’](\}; is suggested not
be used for data transmission when N is large, although it
can be used when N7 is small (i.e., Ny = 4 or 8). The
code assignment for N7 = 4 and 8 can be carried out as
for Ny = 16. The complete non-sequential code assignment
schemes in time domain are shown in Table I for Np equal
to 4, 8, and 16, respectively.

B. Frequency Domain Code Assignment

One difference between time domain and frequency domain
in code assignment is that the code CI(\(,)T) is used for pilot in
time domain, whereas there is no need to have a pilot code in
frequency domain. It can be seen from (15) that the residual
MCI-F is the original MCI-F (first term on the right hand
side of (15) with s = 0) subtracted by the regenerated MCI-F.
Although the hybrid detection can cancel out the MCI-F much,

good code assignment helps mitigate the original MCI-F
further. The original MCI-F is caused by the data channels in
the code set Q) and )‘m,? Assuming wgco)m =1, Wy = 1 for
all m and Am,i to be unchanged for all 7, the MCI-F caused by

the channel with code C’](\ZF) to the channel with code C’J(\’;; )
is expressed as

\/_dNT<

Np—1

er) (Er)
I A N N (23)
m=0
with variance

(kr)
NeENe 1 pr (mo, m1) Cy o,

o2 _ —
O r For =P-Nj Z Z ) (kr)  (Fr)

mo=0 m1=0 Np m1-Np,mo Np,mi

(24)

Similar to (17) and (19), since in the broadband channel, the
frequency correlation py (mg, m1) is a function of [mo — my|,
) and C](\Zf). Assuming kp = 0
(.e., CJ(\(TZ is assigned first), consider the variances O',%Fp.
With Ny = 1, Np = 16, P = 1 and Af.= 2.5MHz
(Trms =~ 0.4us), U%F’O is shown as (a) in Fig. 5 as a function

. krp
the variance depends on Cy
F

of the code index kp. After C’J(\(,);, the second code to be
assigned in frequency domain should be the one suffering
from the smallest MCI-F caused by C](\?;. That is 01(2)- In
order to assign a third code, the variances, J,%Fyg, of MCI-

F caused by C’;z) to all other codes are computed. The sum
of the two variances, o}, + 0} s, is shown as (b) in Fig.
5. It can be seen that C’Sf) suffers from the smallest sum
and therefore, it is the third code to be assigned. The fourth
code can be assigned by selecting the code which suffers
from the smallest sum o7 0 + JkF s + Opo12 8 (c) in

Fig. 5. It can be seen that C’16 is the fourth code to be
assigned. Similar procedures can be kept going on until the
orders of all codes are assigned. The code assignment for
Np = 4 and 8 can be carried out as for N = 16. The
complete non-sequential code assignment in frequency domain
is shown in Table I. It can be seen from the table that the
code assignment schemes are different in time and frequency
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Fig. 5. Variance of MCI-F without weighting in frequency domain.
domains since the channel correlation properties are different.
However, the code assignment schemes in frequency domain
can also be interpreted by the code distance. The codes with
larger distances to each other should be assigned with higher
priority while those with shorter distances should be used with
lower priority.

C. 2-D Code Assignment

As discussed before, the MCIs are caused by multi-code
channels and channel variations/selectivity. Since the broad-
band channel is highly frequency selective, the MCI-F caused
by codes in {2 should be more serious than the MCI-T caused
by codes in Qp, even in the case of a large Doppler shift.
This is because the channel variation over Nt consecutive
OFCDM time chips in time domain is much less than that over
N interleaved symbols in frequency domain. Moreover, since
the powerful pilot can cause much interference to the adjacent
code C’J(\};, this code is not suggested be used when N7 = 16.
Thus it is anticipated that the overall interference caused in
frequency domain should be more than that caused in time
domain. In order to verify this, Fig. 6 shows the variances
of the MCI-T and residual MCI-F (see (14) and (15)) as a
function of Doppler shifts fp. It is assumed that NV = 16 x 16,
SNRy = 16dB and Af.= 2.5MHz (T,ms ~ 0.4us ). Two-
stage hybrid detection is used. If the number of data codes
is K = Ny —2 = 14 and 14 time domain spreading codes
are employed with only one frequency domain spreading code
9 14 2-D codes {C\k"), C\D} (kp = 2,-- -, 15) are used.
Thus, there is only MCI-T on the data channels but no MCI-F.
Conditional variances of MCI-Ts are calculated for individual
data channels first. Then the variance is obtained by averaging
the conditional variances over all data channels. On the other
hand, if the number of data codes is K = Np = 16, and
16 frequency domain spreading codes are used with only
one time domain code C’%S), 16 2-D codes {C’%S),C%F)}
(kp =0,---,15) are used. It can be seen from Fig. 6 that the
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Fig. 6. Comparison of MCI-T and MCI-F.

variance of MCI-F is much larger than that of MCI-T when the
Doppler shift is less than 1000Hz. Thus, the code assignment
in time domain should be carried out first. That is, a frequency
domain spreading code C’](\(,); is chosen firstly, and up to N —1
(or Ny — 2 if Ny = 16) different time domain spreading
codes are assigned. When more code channels are needed,

other frequency domain spreading codes will be assigned.

V. NUMERICAL RESULTS
Given the decision variable yﬁs) in (11), the bit error rate
(BER) performance of the OFCDM system can be evaluated
by a semi-analytical approach [18-19]. The basic idea is
firstly to calculate the value of the useful signal component

Sés) and MCI-F term, M C’IéF) (s), given data symbols and

channel information. Then the MCI-T, M C’IéT) (s), can be
modeled as an additive Gaussian noise and the conditional
BER can be obtained. This conditional BER is firstly averaged
over all possible data symbols involved in M CI%F) (s), then
averaged over all channel information by using a Monte
Carlo simulation [22]. Using the semi-analytical approach,
numerical results can be obtained to evaluate the system
performance. The performance of the proposed 2-D non-
sequential code assignment scheme is investigated with var-
ious channel conditions. The BERs are obtained firstly for
individual channel codes and then the average BER is obtained
by averaging the individual BERs over all employed data
channels. The worst BER is computed on the code which
has the highest BER. For comparison, the performance of
a simple sequential code assignment scheme is also shown.
Without any special design criterion, this scheme assigns 2-D
codes sequentially according to their code indices starting with
{C9), 00}, then {C§),CY)Y. ... and {C Y, CQ) )
When more codes are needed, CJ(\;[IZ replaces C (0;, combined
with 01(\2 ~ C’J(\,A;Tfl), and so on.

In order to show the performance of the proposed non-
sequential code assignment scheme in a fast fading (i.e.,
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fp = 1000Hz ) and highly frequency selective channel
(ie., Af.=2.5MHz or T,.,,s ~ 0.4us ), both the worst and
average BERs of 2-stage hybrid detection are plotted in Fig.
7 as a function of the number, K, of data channels. Given
N = 16 x 4, according to the non-sequential assignment
schemes, the time domain spreading code C’](\}; is not used
although it is used in the sequential scheme. First of all, it can
be seen that both the average and the worst BER performances
degrade when K increases. Note that each data channel suffers
from interference from other K — 1 data channels and the
pilot channel. When K increases, more interference is caused
by other data channels. Moreover, the power on the pilot
channel also increases with K due to § = 0.25K. As a
result, each data channel experiences more interference as K
gets larger and both the average and worst BER increase.
Moreover, it can be seen that the BERs increases with K
in a manner like step, especially the worst BERs. This is
because the variance of the MCI depends on which codes
to be used. If a code caused high MCI is assigned, the BER
increases rapidly, while if a code resulting in little MCI is
used, the BER is almost flat. Using sequential scheme, a rapid
increase in BER occurs every Ny — 1 = 15 code channels.
According to the sequential scheme, the first N — 1 code
channels use the same frequency domain spreading code Cz(\(/);
and different time domain spreading code. Hence, there is
only MCI-T and no MCI-E. As K is increased to N7, a new
frequency domain spreading code CI(\}; should be used, thus
MCI-F occurs. The resultant total MCI is much larger than the
MCI when K = Ny — 1. So the BER performance degrades
suddenly every N7 — 1 code channels. On the other hand, for
the non-sequential scheme, a step occurs in the worst BER
every Ny — 2 = 14 code channels since only Ny — 2 time
domain spreading codes are considered for data transmission.
Moreover, there is another step in the middle of the Ny — 2
code channels. Referring to Table I, it can be seen that the
first Np/2 — 1 = 7 assigned codes have large code distance
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to each other, so the MCI-T between these code channels
are relatively small. But the 8" assigned code C](VM) has a
small code distance of one to the firstly assigned code C’J(\}Ts) ,
which results in a much higher MCI-T between these two
code channels compared to the MCI-T before the 8" code
is assigned. Hence, the worst BER becomes large suddenly.
Furthermore, from the average BER, it can be seen that the
non-sequential scheme provides better performance than the
sequential scheme, especially at low to medium system loads
(or small K'). The most significant improvement in the average
BER is obtained for K < 14, then the improvement decreases
as K increases. On the other hand, a bigger difference in the
worst BERs can be viewed. Although it cannot be shown in the
figure, in the sequential scheme, the worst BER occurs on the
data channels with time domain spreading code CI(\}) due to
the large MCI-T caused by the pilot channel. Since C ]\}; is not
used in the non-sequential scheme, there is less interference
from the powerful pilot channel, so that the worst BER is much
less than that of the sequential one. For the non-sequential
scheme, the worst BER and the average BER are close to each
other. That is, different data channels present similar BERs,
which is desirable. On the contrary, in the sequential scheme,
the worst BER is much larger than that of the average BER.
That is, the data channel with the time domain spreading code
01(\2 contains errors more likely than other data channels. In
conclusion, for a large range of the system load, the non-
sequential assignment scheme outperforms the sequential one.

Given N = 16 x 4, K = 20 (or 33.3% load), and
Af.=25MHz (T,ms ~ 0.4us), the system performance is
shown in Fig. 8 as a function of SN R;. Again, the 2-stage
hybrid detection is considered. The system performance is
evaluated with fp = 500Hz in Fig. 8(a) and fp = 1000Hz
in Fig. 8(b). It can be seen from both figures that with either
the non-sequential or sequential code assignment scheme, both
the average and worst BERs improve as SN R;, increases and
the performance gap between the two schemes increases with
SN Ry. The reason is that the system performance depends
on both SN R, and MCI. When SN Ry, becomes larger, the
influence of background noise reduces and the MCI plays a
more and more important role in determining the system per-
formance. Since the non-sequential scheme results in a much
smaller MCI in the system, its advantage over the sequential
scheme is more obvious as SV Ry, increases. Moreover, given
SN Ry, the performance gap between the two schemes is
smaller with fp = 500Hz than that with fp = 1000Hz,
since the system suffers from less MCI with a smaller Doppler
shift. It can also be seen that with fp = 500Hz, the BERs
improve rapidly as SN R;, increases, and presents no obvious
error floor for both non-sequential and sequential schemes.
However, in case of fp = 1000Hz, the BERs improvement
becomes smaller when SN Ry, is higher, and there is an error
floor in the worst BER of sequential scheme. Apparently, the
system becomes MClI-limited at high SN R;. Since the non-
sequential scheme can effectively reduce the MCI, the error
floor is much less serious than that in the sequential scheme.
In summary, for both fp = 500Hz and fp = 1000Hz, the
non-sequential assignment scheme outperforms the sequential
scheme, especially at middle to high SN Ry.
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Finally, Fig. 9 illustrates the effect of Doppler shift, fp,
on the performance of the non-sequential and sequential code
assignment schemes, when SNR, = 16dB, N = 16 x 4,
K =20 (or 33.3% load) and A f.= 2.5MHz (7,ms =~ 0.4us).
Both the average and worst BERs of the 2-stage hybrid
detection are plotted. It can be seen that both the worst and
average BERs of the two code assignment schemes increase
as the Doppler shift increases, due to the increasing MCI-T
and deteriorating channel estimation. Although the average
BERSs of the two assignment schemes are close, the worst
BER of the non-sequential assignment is much smaller than
that of the sequential assignment, especially when the Doppler
is not small. This is mainly due to that the code C’I(\}T) is
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not used in the non-sequential scheme, whereas it is used
in the sequential scheme. When the Doppler shift is small,
the performance difference between both assignment schemes
is very small because of the decreasing interference caused
to the CJ(\}I)" channel by the pilot. Furthermore, the sequential
scheme performs very similarly to the non-sequential scheme
when the Doppler is very small. In summary, for a large range
of the Doppler shift, the non-sequential scheme outperforms
the sequential scheme.

VI. CONCLUSION

In order to mitigate MCI, non-sequential code assignment
schemes have been proposed in OFCDM systems. The fol-
lowing conclusions are drawn:

1) Code assignment schemes are proposed aiming to miti-
gate MCI in OFCDM systems and can be interpreted by using
the code distance defined for OVSF codes. The smaller the
code distance, the bigger the MCI is caused to each other.
The codes with larger code distances to each other should be
assigned with higher priority;

2) When Nr is large, i.e., 16, the time domain spreading
code adjacent to the pilot code, C (1; , is not suggested be used.
Moreover, time domain spreading codes should be assigned
with higher priorities than frequency domain spreading codes;

3) For a large range of the system load or a large range
of the Doppler shift, the non-sequential assignment scheme
outperforms the sequential scheme, especially at middle to
high SN Ry,
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