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SUMMARY This paper describes two dimensional (2D)
equalization scheme of orthogonal coding multi-carrier CDMA
for reverse link of mobile communication systems. The purpose
of the 2D equalization is the reduction of Multiple Access In-
terference (MAI) which is caused by the random access and the
different propagation path from each mobile station. The orthog-
onal coding multi-carrier CDMA multiplexes all mobile stations’
data by Code Division Multiplexing (CDM). The 2D coding
scheme spreads a preamble signal at.time (in subchannel signals)
and frequency (between subchannel signals) domains. The 2D
decoding scheme estimates transmission delay time and instan-
taneous fading frequency from preamble signal for individual
mobile stations and compensate the received data using these es-
timation values to reduce MAI.

key words: MAIL 2D equalization, orthogonal coding, multi-
carrier, CDMA

1. Introduction

Multi-carrier modulation is suitable for high speed data
communication and high efficiency transmission sys-
tems and it is also robustness for multi-path propaga-
tion and frequency selective fading. Recently some re-
searchers began to study for applying the multi-carrier
modulation to personal communication systems using
Time Division Multiple Access (TDMA) or Code Di-
vision Multiple Access (CDMA)[1]-[4]. The interfer-
ence occurred in the orthogonal coding multi-carrier
CDMA are Inter-Channel Interference (ICI)[5],[6],
Inter-Symbol Interference (ISI)[7] and Multiple Ac-
cess Interference (MAI)[8],[9]. The ICI is caused by
frequency offset and fading. The ISI is caused by
multi-path delay. The MAI is caused by the varia-
tion of the transmission delay times and the instanta-
neous fading frequencies from each mobile station. The
transmission delay time influences the phase/amplitude
distortion between subchannel signals (frequency do-
main); the instantaneous fading frequency influences the
phase/amplitude distortion in subchannel signals (time
domain). Since the frequency deviation and the time de-
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viation change independently for each mobile station on
reverse link, that the ICI, the ISI and the MAI fluctuate
at every moment occasionally under the actual mobile
station environment. When the frequency deviation is
lower than the spread rate of the multi-carrier CDMA,
the influence of the ICI becomes very small. Guard In-
terval is used for reduction of the ISI. This paper does
not discuss the ICI and the ISI. There are a few publica-
tions of the equalization scheme of the phase/amplitude
distortion of fading and reduction technologies of MAT.
J.Rinne proposed channel phase/amplitude estimation
method using Least Square Algorithm (LMS) in fre-
quency domain[10],[11]. He adopted pilot tone for
the fast estimation in order to keep up with higher fad-
ing frequency. The estimation scheme is effective but
this scheme was applied only for the single user de-
tection. Z.Xie et al. proposed Joint Detection (JD)
algorithm [8] which estimates the phase/amplitude of
received signal using a sub-optimum tree-search algo-
rithm with a recursive least-square method. B.Steiner
evaluated the MAI cancellation algorithms[9] using pi-
lot tone scheme which is based on JD algorithm for
multi-carrier CDMA. He evaluated some different de-
tection algorithms such as orthogonality restoring corre-
lation matched filtering, serial and parallel interference
cancellation algorithms as well as JD algorithms. He
showed JD algorithm is the best performance in com-
parison of other schemes. However JD algorithm does
not clarify the reduction of MAI for the variation of the
delay times and the instantaneous fading frequencies
simultaneously under the multiple access environment
because JD algorithm is based on only time domain
(1 dimensional) analysis. This paper proposes two di-
mensional (2D) equalization scheme to overcome large
deviation of the delay times and the instantaneous fad-
ing frequencies simultaneously. The 2D equalization
scheme reduces the MAI using the estimated parame-
ters which is obtained by iterative estimation of the 2D
coding preamble signal. The iterative estimation ex-
changes the estimation parameters of the time and fre-
quency domain equalizers alternately. During the data
detection, decision data is obtained after the equaliza-
tion using estimated values of the delay time and the
instantaneous fading frequency which is obtained by
the preamble signal. The estimated values are updated
by Decision Feedback Equalizer (DFE). The 2D equal-
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izer has an advantage that the correct estimated param-
eters are extracted from multiple access signals under
the fading environment. Section 2 describes the System
Model for the evaluations and the configuration of the
ID Coding Multi-Carrier CDMA.. Section 3 describes
the configuration of 2D orthogonal coding multi-carrier
CDMA, the channel estimation scheme and the equal-
ization scheme using the 2D preamble signal. Section 4
describes simulation and evaluation results.

2. System Model and One Dimensional Coding
Multi-Carrier CDMA

2.1 System Model

Figure 1 shows a system model of a mobile communi-
cation system. The dashed lines denote forward link
and the solid lines denote reverse link. The mobile
stations receive signal from the base station through the
forward link synchronously. A base station receives sig-
nal from all mobile stations through the reverse link
asynchronously, because each mobile station transmits
a signal at a different transmission timing and the dis-
tances are different between each mobile station and the
base station. Phase/amplitude distortions due to fading
are also different for each reverse link. MAI is caused
by the difference of the transmission delay time and the
phase/amplitude distortions. The MAI of the reverse
link becomes larger than that of the for ward link be-
cause of the asynchronous detection timing and the vari-
ations of phase/amplitude due to fading characteristics.

2.2 One Dimensional Coding/Decoding Scheme

Figure 2(a) shows a configuration of the transmitter
of the one dimensional (1D) multi-carrier CDMA. The
preamble signal is all “one” and it is spread by Walsh
code W,,, of which rate is Lr, where L is the length of
the Walsh code. The preamble and data are switched
to enter Serial/Parallel (S/P) converter with constant
interval. The chip rate of each subchannel is /L. The
subchannel signals are converted to baseband signal
through Inverse Discrete Fourier Transformer (IDFT)
frame by frame. The frame of the 1D coding scheme is
defined as the number of the subchannels (= L?). The
transmitter transmits the frame signal though Radio Fre-
quency (RF) modulation. Figure 2 (b) shows a config-
uration of the receiver. The received signal is converted
to subchannel signal through Discrete Fourier Trans-
former (DFT). The subchannel signal pass through Par-
allel/Serial (P/S) conversion. The serial signal corre-
lated by Walsh code W,,. The serial signal is com-
pensated by the phase of the propagation path which is
obtained by the preamble signals at a phase estimator.
Figure 2 (c) shows a frequency response of the subchan-
nel signal of the 1D coding multi-carrier CDMA.. The
frequency separations between each subchannel arer/L.
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It is difficult for the 1D coding scheme to obtain a suf-
ficient BER performance because frequency offset and
fading frequency cause large ICI. In this paper, the per-
formance evaluation is based on the baseband model,
because the effects of the fading variation, the delay time
and AWGN can be directly evaluated by the baseband
analysis.

3. Two Dimensional Orthogonal Coding Multi-
Carrier CDMA

3.1 Two Dimensional Coding Scheme

Figure 3 (a) shows a configuration of the transmitter of
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two dimensional (2D) orthogonal coding multi-carrier
CDMA. The preamble signal is spread by the 2D mod-
ulation and the data signal is spread by the 1D modula-
tion. The preamble signal is all “one” and its spreading
code is Walsh code W, of which rate is 7 and the length
of the Walsh code is L. The spread preamble signal is
converted to subchannel signals through S/P. The rate
of each subchannel is r/L. Each subchannel signal is
spread by Walsh code W,,.

X =W, D,, (1)
where
Wm,0
Wm = Win, i
W, L—1
preamble
_ [wm,o ot Wmg wm,L—l]
D = data
[dmo *+* dmys  dm,p-1]

Where wy, ; is i-th element of Walsh code W,,, and
m-th mobile station dp,; is a i-th element of data D,,.
The data signal Dy, = [dm0 - dm,1 -+ dpp—1] Of
which the data rate is r is converted to subchannel sig-
nals through S/P. The spread method of the data on
subchannel is same as the spread method of the pream-
ble. The frame of the 2D orthogonal coding scheme
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is defined as the size of the matrix X,, (= L2?). The
subchannel signals are converted to baseband signal
through IDFT and transmitted to air though Radio
Frequency (RF) modulation. Figure 3 (b) shows a fre-
quency spectrum of the 2D orthogonal coding multi-
carrier CDMA. The frequency separations between each
subchannel are 7.

3.2 Two Dimensional Decoding
3.2.1 Configuration of Two Dimensional Decoding

In this section, following parameters are defined for
analysis equation:

e ¢, is the instantaneous fading frequency of m-th
mobile station which is normalized by the chip rate
7.

e T, is the delay time of m-th mobile station which
is normalized by the chip duration 7.

® a,, is the a reference value of the amplitude of m-th
mobile station in a frame, which shows the value
at O-th chip of 0-th subchannel.

® ¢, is the reference value of the phase of m-th mo-
bile station in a frame, which shows the value at
0-th chip of O-th subchannel.

® 4, p and q@m, p are the estimated values of a,,, and
¢m Wwhich are obtained by time domain channel
estimation.

® G4y, and q@m,w are the estimated values of a,,, and
¢m Which are obtained by frequency domain chan-
nel estimation.

Figure 4 (a) shows a configuration of the 2D equal-
izer of the orthogonal coding multi-carrier CDMA. 2D
equalizer reduces MAI [Refer to Appendix] using the
estimated values obtained by the time and the frequency
domain channel estimators. The base station receives
incoming signals from all mobile stations simultane-
ously. The subchannel signals through DFT are cor-
related by the inverse of the Walsh code matrix W1
which is compensated by the estimated instantaneous
fading frequencies of each mobile station. The esti-
mated instantaneous fading frequencies are obtained by
the frequency domain channel estimator. Figure 4 (b)
shows the configuration of the phase compensator. The
correlate signal is compensated by the estimated values
of the delay time 7,, and the reference amplitude/phase
4me’®™¥m . The compensated signal feeds to the P/S
converter. The decision data D,, is obtained by the
decision stage. The decision data is used for Deci-
sion Feedback Equalization (DFE) which is shown in
Sect. 3.2.5. The decision data feedback to the time and
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Fig. 4 Two dimensional equalizer.

frequency domain channel estimators in order to esti-
mate the delay times and instantaneous fading frequen-
cies for the next frame. In Fig. 4 (c), the output signals
from DFT are stored in two dimensional register frame
by frame L x L = L?. The received frame is influenced
by the delay time 7, and the instantaneous fading fre-
quency &,,. The received signal from all mobile station
is expressed by the product of three matrices.

Y = WAD + N )

where W is the spread Walsh code matrix, D is the
preamble signal matrix, A is an amplitude/phase ma-
trix of fading and N is a additive white Gaussian noise
(AWGN) with zero mean and two sided power spectrum
density No/2. The despread Walsh code matrix W is

shown as follows:

r wo,0 t Wm0 0 WL—-1,0 T
wO,n' 'l:Um,n’ Wr—-1,n"
W = el 27neg el 2TNEm 6j27rn5L_ 1

wo,L—1" Wm,L—1" wr—-1,L-1°
L ej27r(L—1)Eo' : 'ej27T(L—1)sm' ' éij(L—l)eL_l ]

3)

where the columns and the rows of W denote the mo-
bile station number m (= 0,1,...,L — 1) and the chip
number n (= 0,1,...,L—1), respectively. wn, , denotes
the n-th element of the Walsh code which is assigned
for m~th mobile station. &,, is the instantaneous fading
frequency of m-th mobile station. The received signal
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matrix D is shown as follows:

preamble
i Wo, k- Wo,L—1"
wo,0 - e—d2mkm "7 e—j27r(L—-l)To

Wi, k* wm,Lfl :
Wm,0 e J2mkmy e—J2n(L—1)Ty

L. Wh-1k  WL-1,(L-1)"
D - Wr—-1,0 e—j27rk'rL_1 e_j27r(L_1)q—L_1 ]
data _
[ d do,x: do,r—1-
0.0 "7 g—j2mkmo T —j2m(L-1)mo
d dm,k' dm,L—l'
m,0 e—J2mkTy e—J2m(L—1)7
dr oo ootk droizoy
L—1,0 —j27Tk:TL 1 e—jZW(L—l)TL_l

4

where the columns and the rows of D denote the sub-
channel number k£ (= 0,1,...,L — 1) and the mobile
station number n (=0, 1,..., L — 1), respectively. wy, &
and d,, ; denote the preamble signal and the data sig-
nal of k-th subchannel of m-th mobile station. 7, is
the delay time of m-th mobile station. The matrix A is
a diagonal matrix whose diagonal element denotes the
phase/amplitude of each mobile station.

ag ed2m¢o 0
A= Y 2T P

0 aL_leJ'ZW(bL—l

-5

where a,,, and ¢,, denote the amphtude and phase of
m-th mobile station.

3.2.2 Time Domain Channel Estimator

The time domain channel estimator estimates the de-
lay time 7, and the amplitude/phase G, pe?™®m> of
receiving frame. The output of the correlators D is ob-
tained by W1Y. It is despreaded by the reference
preamble signal D,, = [Wmo - Wmk = Wmr—-1].
The differential phase detector, which is shown in
Fig.4(d), calculates the estimation value of the delay
time 7,,. It is shown as follows:

L-1
.-l s ok
= 1) 2 (et D D)

(6)
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where “x” denotes a complex conjugate and the sub-
script of m and k are row and column indices of ma-
trix D. From the estimated vatue Tm, the reference
phase/amplitude of each mobile station is calculated
as, ‘

L-1

1 ~ NN

E 2 wm,kDm,ke]QWka (7)
k=0

&m,DeJ27T¢‘m,D —

The average square error of the delay time estimation
0z, 1s defined as follows:

1
[

™ L—1
L—-1 _1 2
[% arg <wm,k—1wm,kD;,k_1Dm,k) - 7A’m]
1

) ®)

=

3.2.3 Frequency Domain Channel Estimator

The frequency domain channel estimator estimates
the instantaneous fading frequency &,, and the
phase/amplitude G, se’"¢m of receiving frame. The
output of the correlators S is obtained by YD'. It
is despreaded by the Walsh code W,,,. The differential
phase detector shown in Fig. 4 calculates the estimation
value of the instantaneous fading frequency &,,.

-
. 1 .
€))

where the subscript n_and m are the row and the
column indices of matrix W. From the estimated value
€m, the reference phase/amplitude of each mobile sta-
tion is calculated as,

. 1 L=t
O, €7 2T Om W = 7 § Wi Wi,me 72T (10)
: n=0

The average square error of the instantaneous fad-
ing frequency estimation oz, is defined as follows:

L-1 1 2
Z [% arg (wm,n—lwm,nwstmWn,m) - ém:I
1

(1

3.2.4 Iteration Pfocess

Figure 5 shows the iteration process of the 2D esti-
mation. The delay time 7, the instantaneous fading

frequency &,, and the phase/amplitude d,,e/2"®m —
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(&m,Deﬂ’”ﬁm’D —}—&mjseﬂ"d’"h“’) /2 are calculated by
the iteration process. The estimates of €, and 7,, in
previous frame are used as initial estimates of current
frame. The left side of Fig. 5 shows the estimation pro-
cess of the delay time 7, from the correlation output
matrix D. The initial values of &, is used to calculate
the time domain correlation matrix W in Eq. (3). The
time domain correlation output matrix is D=W-lY.
The estimated delay time 7, is calculated from Eq. (6).
The right side of Fig. 6 shows the estimation process of
the instantaneous fading frequency £,, from the corre-
lation output matrix W. The initial value of 7, is used
to calculate the frequency domain correlation matrix D
in Eq.(4). The frequency domain correlation matrix
is W = YD™!. The estimated value of the instanta-
neous fading frequency é,, is calculated from Eq. (9).
The estimated values of 7,, and &, are exchanged be-
tween the time and the frequency domain channel es-
timators. The iterations are continued until oz and
oz, becomes lower than the threshold value. After the
iteration process, the estimated values of the reference
phase/amplitude of each mobile station &,,e/*™~ are
obtained by Egs. (7) and (10).

3.2.5 Decision Feedback Equalizer (DFE)

The Decision Feedback Equalization (DFE) is shown
in Fig.4. During the data detection, the decision data
D,, is fedback to the time and the frequency domain
channel estimators. The estimation process is same as
the preamble detection process. The received data is ex-
pressed by Eq. (2). m-th row vectors of the matrix D in
Eq.(4) is replaced by the decision data of m-th mobile
station D,,,. The estimated values of the delay time 7,,
and the instantaneous fading frequency &, are obtained
by Egs. (6) and (9), respectively. The estimated values
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Table 1  Design parameters.
1D coding | 2D coding
Length of the orthogonal code: L 16 16
Number of subchannel 256 16
Number of mobile station 16 16
Chip duration: T¢ 500 psec 31.25 usec
Separation of each subchannel 2kHz 32kHz
Frame length 500 pusec 500 psec
Preamble insertion rate 1/4,1/8 1/4,1/8

Table 2 Radio channel conditions.

Numerical values
0.8, 1.6, 3.2 usec
50, 100, 150Hz

Parameter

Delay time deviation

Fading frequency

are used for the time and the frequency domain channel
estimation of the next frame. The estimation values of
the phase/amplitude of the next frame is predicted by
&mejQ‘lr(&zm—Lém) )

4. Simulation and Evaluation

In previous sections, we clarified the estimation algo-
rithm of the delay times and the instantaneous fading
frequencies using 2D channel estimatior. In this section,
we simulate and evaluate the convergence properties and
the bit error rate (BER) characteristics of the 2D orthog-
onal coding multi-carrier CDMA.. Table 1 shows the
design parameters of the 2D orthogonal coding multi-
carrier CDMA. The radio channel conditions are shown
in Table 2. In the simulation, the delay time of each mo-
bile station is assumed to be time invariant because the
variation of the delay times due to moving velocities of
each mobile station is lower than the variation of the
instantaneous fading frequencies due to fading of each
mobile station. The transmission channels are modeled
as Jakes Rayleigh fading[13] whose distributions of
phase and amplitude are uniform and Raylegh distribu-
tion, respectively. The estimation process is achieved by
the iteration process shown in Fig. 5. The iteration pro-
cess of the 2D equalization is evaluated by the computer
simulation. Figures 6 and 7 show the simulation re-
sults of estimation error o3+ 0¢_, Versus iteration steps
under 100Hz and 150 Hz of fading frequencies, respec-
tively. The delay time of each mobile station 7,,, and the
instantaneous fading frequency &, are obtained accord-
ing to the iteration process. When the iteration process
is optimized, the estimation error becomes minimum.
When the iteration process fall in the local minimum,
the difference between a,,, pe’2™*™ 2 and Gy, we’>" ™"
are large. In the evaluations of the BER characteris-
tics, the iteration process is continued until the error
improvement of the I-th iteration Ao (I) becomes 1/10
of the first error improvement Ac(0). The transmission
channel conditions are Fj /Ny (10dB and 20dB) and the
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distribution of the delay time 7,,, is Gaussian of which
deviations are (0.8 and 3.2us). As the results of the
simulation, Figs. 6 and 7 show that the estimation error
decreases in accordance with the iteration steps. At the
environment of large AWGN (F;, /Ny = 10 dB), fast fad-
ing frequency (fy = 150 Hz) and large delay time devi-
ation (3.2 us), the estimation errors are large (o = 1072
to 1072 order). When E,/Ny = 10dB, f4 = 100 Hz and
0.8 us of delay time deviation, estimation error becomes
10~* order until five iteration steps.

Figure 8 shows the simulation results of the fault
rates of the iteration estimation versus Ej,/Ny. The sim-

1.E-1
f,=100Hz,
o]
5 1E2
5 E,/N,=10dB
g
=
E &3
2 TR i
M
o 0.8us E,/N,=20dB
o 3.2us : L
1E-4
0 1 2 3 4 5

Iteration step

Fig. 6 Simulation results of estimation errors versus iteration
steps under 100 Hz of fading frequency.
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Fig. 7 Simulation results of estimation errors versus iteration
steps under 150 Hz of fading frequency.
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Fig. 8 Fault rates of iteration estimation versus Ej/No.
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ulation parameters are 100/150 Hz of fading frequencies
and 0.8/3.2 us of the delay time deviations. The max-
imum number of the iterations is five. The simulation
results show that the fault rate is under 0.1 at the con-
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o 08 | 2D
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o 32
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o
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0328
0.001
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(¢) f4 = 150 Hz.

Fig.9 Simulation results of the orthogonal coding multi-carrier
CDMA with 1/4 preamble insertion.



1086

dition of 30dB of E;/Ny, and 0.8 and 3.2 us of delay
time deviations. Figures 9 and 10 show the simulation
results of the BER characteristics of the 2D orthogonal
coding multi-carrier CDMA. The BER performance of

1
0.1
o x 1D
m
m
0.01 7D
° 08 N%
s 1.6us
o 32
0.001
0 10 20 30 40
E, /N, [dB]
(a) fg = 50 Hz.
| 4
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o 32s
0001
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1
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01 M—bé\é
o
m
m
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©  0.8us
s 1.6us
o 32us
0.001
0 10 20 30 40

E, /N, [dB]
(c) fa = 150 Hz.

Fig. 10 Simulation results of the orthogonal coding multi-
carrier CDMA with 1/8 preamble insertion.
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the 1D coding scheme is also simulated for the compar-
ison with the 2D orthogonal coding scheme. The 1D
coding scheme is simulated according to Figs.2(a) and
(b). The BER characteristics of the 1D coding scheme
are same for all examined delay times because the cor-
relation bandwidth is 1/L of the 2D coding scheme.
In Figs.9 and 10, when the E,/N, is 20dB, BER per-
formance of the 2D coding scheme is better than that
of the 1D coding scheme because the 2D channel esti-
mator can use the improved estimation values of delay
time and instantaneous fading frequency in every frame
by DFE. The fault rate which is represented in Fig. 8,
is large at 10dB of E}/Np and the BER performance of
the 2D coding scheme is almost same as the 1D coding
scheme. Because the new estimation parameters are dis-
carded and the old estimation parameters are used for
the 2D equalization. In comparison of the preamble
insertion interval of 1/4 in Figs.9(a), (b) and (c) and
1/8 in Figs.10(a), (b) and (c), the degradation of the
BER performances are small in comparison of the 1D
coding scheme. Because the 2D coding scheme adopts
the decision feedback equalization (DFE) for the data
detection. In actual radio channel environments, the
variation of the delay time of each mobile station due
to moving velocities are small in comparison of the vari-
ation of the instantaneous fading frequency. In Figs.9
and 10, the deviation of the delay times has a little effect
for the BER performance compare to that of the fading
frequency, since the old estimated value of the delay time
7 can apply for the equalization of the current frame.

5. Conclusion

In this paper, we analyzed the performance of the 2D
equalization scheme of the orthogonal coding multi-
carrier CDMA for reverse link under fading environ-
ment. The 2D equalization scheme reduces the MAI
which is caused by the variation of the transmission
delay times between each mobile station and the base
station and the variation of the instantaneous fading fre-
quencies. The 2D equalization consists of the frequency
domain equalizer and the time domain equalizer. The
delay times are obtained by the time domain channel
estimator and the instantaneous fading frequencies are
obtained by the frequency domain channel estimator
individually. They exchange estimation parameters be-
tween the time and the frequency domain channel es-
timators to reduce the MAIL This paper also evaluates
the BER characteristics of the 1D equalization scheme
of the multi-carrier CDMA for a comparison of the 2D
equalization scheme. The 2D equalization is superior
to reduce the MAI in comparison of the 1D equaliza-
tion. The 2D equalization scheme can equalize 3.2 us of
deviation of the delay times under 150 Hz of fading fre-
quency. Then it was clarified that the 2D equalization
scheme is useful to apply the synchronous detection of
the reverse link.
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Appendix: Multiple Access Interference (MAI)

The MALI is caused by the phase rotation A due to the
difference of the transmission delay time and the differ-
ence of the instantaneous fading frequency of each mo-
bile station. When the difference of the phase rotation
between m-th mobile station and m’-th mobile station
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Fig. A-1 Correlation output level influenced by MAIL

is 2w A, the correlation output of the m-th mobile sta-
tion which is influenced by the m’-th mobile station is
shown as follows:

N-1
z = E ejzﬂ—AZwm,iwm’,i (A1)
i=0

where w,y, ; is i-th element of Walsh code for m-th mo-
bile station. The correlation output z are MAI when
m £ m' and z is detected signal amplitude when
m = m'. Figure A-1 shows the level of the corre-
lation outputs influenced by the MAI calculated from
Eq.(A- 1) for the case of (a) A = 0.01 and (b) A = 0.03.
When NV = 16, the phase rotation A = 0.01 corresponds
to 0.32% rad and A = 0.0315 corresponds to 7 rad in
one preamble frame. The interference of the MAI are
(a) 10% of the detected signal level and (b) almost same
as the detected signal level.
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