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Experiments on Coherent Adaptive Antenna Array
Diversity for Wideband DS-CDMA Mobile Radio

Shinya Tanaka, Atsushi Harada, Mamoru Sawahadbmber, IEEEand Fumiyuki AdachiSenior Member, IEEE

Abstract—in wideband direct sequence code division multiple plus background noise ratio (SINR) with cochannel interfer-
access (W-CDMA), employing an adaptive antenna array is avery ence was presented, and optimum combining was shown to be
promising technique to reduce severe multiple access interference significantly better than maximal ratio combining (MRC) even

(MAI) from high rate users. A four-antenna pilot symbol-assisted . . .
coherent adaptive antenna array diversity (PSA-CAAAD) receiver when the number of interfering users is greater than that of an-

comprising an adaptive antenna array based on a minimum mean t€nnas. We recently proposed the pilot symbol-assisted coherent
squared error (MMSE) criterion and a Rake combiner is imple- adaptive antenna array diversity (PSA-CAAAD hereafter) re-
mented in preliminary laboratory and field experiments. Thereare  cejver [10] that combines an adaptive antenna array and a Rake
two important design concepts of the PSA-CAAAD receiver. The . mhiner. Basically our approach is the same as that in [17]
first is that the adaptive antenna array forms an antenna beam . that th - ¢ iaht daptivel trolled
for each resolved propagation path and tracks only slow changes in that the recelvgr an elnnla weights are adaptively con. ro g
in the directions of arrival (DOA's) and average powers of the de- SO that the SINR is maximized. However, our approach is dif-
sired and interfering user signals. The second is that the Rake com- ferent from their method in the following two points. First, in
biner tracks the instantaneous changes in channel conditions and [17], the antennas are spaced far enough apart so that the fading
coherently combines the signals of the desired user propagating seen on each antenna is independent. This means that coherent
along the resolved paths to maximize the instantaneous signal-to- h | estimati ds to be d bef bi . b
interference plus background noise power ratio (SINR). This paper N ar?ne estimation nee S, 0 be done beiore combing, |.e.,. e-
presents, both by laboratory and field experiments, the effective- fore interference suppression. Therefore, alarge channel estima-
ness of PSA-CAAAD receiver as a powerful means to reduce severetion error may occur under low SINR conditions. On the other
MAI from high rate users, and that it is more effective than using  hand, we assume a linear array with the antenna separation of
a space diversity receiver with the same number of antennas in the half a carrier wavelength. Since the fading seen on each antenna
W-CDMA reverse link. : . . ; S
) ) can be assumed identical, the received signal combining is per-
Index Terms—Adaptive antenna array, DS-CDMA, mobile com-  orme( first and, then, channel estimation is done after inter-
munications. . : S
ference suppression, thereby decreasing the channel estimation
error. Second, the design concept of beam forming is different.
|. INTRODUCTION In a conventional adaptive antenna array diversity receiver with

IDEBAND direct sequence code division multiple ac:[he antenna separation of half a carrier wavelength similar to our

cess (wideband DS-CDMA or W-CDMA) [1], [2] has approach, the receiver antenna weights are generated to maxi-
been accepted as a wireless access scheme for II\}IT-ZOOO ize the instantaneous SINR using an adaptive algorithm [20].

In DS-CDMA, all users communicate simultaneously in th ar final objective is to develop the adaptive antenna array re-

same frequency band and, hence, multiple access interfereﬁ%'(\!er and transmitter, in which the generated receiver antenna

(MAI) is the major cause of transmission impairment. In mobil eights are used to generate transmit antenna beams on the for-

radio, since the received signal is subject to multipath fading a"g‘?tid link, 58 that the a(;apttlvebantem:atgrra);_'rece|ver and tra;ns-
cording to the movement of a mobile terminal, in addition to gigter can be equipped at a base stalion. HOWEVEr, since ire-

tance-dependent path loss and shadowing, a high degree of r\ﬁﬂ}:{?_”‘:{ di\:ision duplﬁx (FDD()jis UST.? ig the WtCDM,: sy\:;tefmds',
is often produced, which significantly degrades the reverse li g€ Instantaneéous phase and amplitude variations due 1o fading

performance. However, in multimedia mobile communicatio d
offered by, for example, the IMT-2000 system, data rates m
vary widely and high rate users may produce severe MAI in t
reverse (mobile-to-base) link. A promising technique to redu

the reverse link have no correlation to those in the forward
k. Noting that the distance-dependent macroscopic propa-
tion factors determining the average signal power, i.e., path
J:%ss and shadowing, are not frequency dependent, we design
the severe MAI from high rate users is employing an adaptit e PSA-CAAAD receiver based on the following concept. The
adaptive antenna array forms an antenna beam that tracks only

antenna array [4]-[9]. . A . )
In [17], the optimum combining (i.e., adaptive antenna arra%)OW changes in the directions of the arrival (DOA'S) and av-

diversity) that maximizes the output of signal-to-interferenc fage powers of the_deswed and |nterfer!ng USers, and the Rake
combiner tracks the instantaneous variations in the channel con-

ditions to maximize the instantaneous SINR. However, note that
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TABLE | 3GPP standard, the chip rate is 3.84 Mchips/s and one frame
RADIO LINK PARAMETERS comprises 15 slots, the length of each is 0.667 ms. The scram-
Chip rate (Bandwidih) 2,096 Mops (5 MHz) pling code Iength on the reverse link is 38 4_00 chipd@ ms
Carrier frequency (Reverse) 1990.5 MHz in time). The pilot symbo!s on the reverse link to be used for
Symbol rate pryo coherent chann_el estimation is multiplexed onto tht_e quadrature
Spreading Factor p” (Q) _channel while the code_d data symbols are multiplexed onto
— the in-phase (I) channel. Since the difference in the slot lengths
Information bit rate 32 kbps is small (0.667 ms against 0.625 ms), the impact on the tracking
Spreading | Short code Orthogonal-Gold sequence (64 chips) performance of channel estimation and fast TPC against fading
code | Scrambling code || Truncated-Gold sequence (640 x 2 chips)  is considered very small. Furthermore, the impact of the differ-
Modulation Data QPSK ence in th_e pilot symbol structure (I/Q_ Cod_e-m_ultiplexed against
Spreading QPSK time multiplexed) on the channel estimation is also considered
Channel estimation Pilot symbol-assisted channel estimation ~ sSmall because almost the same pilot power is assigned per slot.
for coherent detection (2-slot averaging) Thus, the obtained results in the paper can be applied to the latest
Channe! coding and decoding C%’L‘gﬁ’;g‘?g‘gn"%‘ﬂgﬁ)ﬁzé :21}111(;7) 3GPP air interface.
—— A block diagram of the experimental PSA-CAAAD receiver
Interleaving size 10 ms

is illustrated in Fig. 1. The composite spread signal received
on each antenna was converted into baseband | and Q compo-

shown the preliminary experimental results using the adapti}gnts by & quadrature detector. They were sampled at the rate
antenna with only 2 antennas in [15]. In this paper, a great d@4t x 4.096 MHz using an 8-bit A/D converter. After being fil-

of detailed laboratory and field experimental results are pri&reéd using a square-root raised cosine Nyquist filter, the sam-
sented for the generated beam patterns and the average bit gl Signals were fed into the PSA-CAAAD processing block,
rate (BER) performance in various conditions using a four-a#hich outputs the QPSK soft decision sample sequence that cor-
tenna PSA-CAAAD receiver. The experimental results sho@SPonds to the transmitted coded interleaved binary data se-
that combining the adaptive antenna array and Rake combif&nce. After deinterleaving, spftdemsmn Viterbi decoding was
is a powerful means to reduce severe MAI from high rate usétgPlied to recover the transmitted data.

and is more effective than using a space diversity receiver with .
the same number of antennas. In this paper, we first describe; 'rnPSA'CAAAD Processing Block

Section Il, a four-antenna PSA-CAAAD receiver implemented The PSA-CAAAD processing block structure is illustrated
for 5 MHz W-CDMA for use in preliminary laboratory and field in Fig. 2. It comprises digital matched filters (MF’s), a dig-
experiments. Sections Il and 1V discuss the beam patterns di&l beam former, PSA-coherent Rake combiner, and antenna
the measured average BER performance obtained from laborgight controller. The sequence of the filtered received signal

tory and field experiments, respectively. samples was first despread by the MF’s and resolved into mul-
tiple copies of the transmitted QPSK symbol sequence that were
Il. EXPERIMENTAL PSA-CAAAD RECEIVER propagated along different propagation paths. The propagation

channel comprises many paths with different time delays. The
paths within one chip time length are seen as a single composite
The major radio link parameters of the experimental four-apath at the receiver MF output and cannot be separable or re-
tenna PSA-CAAAD receiver are listed in Table |, which is basegblvable (this is because the time resolution of the MF is one
on [18]. The transmission bit rate is 32 kbit/s, and the chanrahip time). Therefore, in the laboratory experiment, we modeled
coding is a 1/3-rate convolutional code with a constraint lengthe propagation channel as the sum of several resolvable paths
of 7 bits. The coded data were block interleaved and then tramsth a time delay difference between adjacent paths such that it
formed into a quaternary phase shift keyed (QPSK) symbol se-more than one chip length=0.24 s = 1/4.096 Mchips/s).
guence. There were four pilot symbols appended to every sefltie MF’'s were implemented as a bank of correlators, each com-
36 data symbols to form one slot. Each 10-ms frame compriggdsing a multiplier and an integrate-and-dump (1&D) filter. In
16 slots of 0.625 ms each (each slot comprised 40 symboksych MF, the received signal was first multiplied with a locally
The resultant QPSK symbol rate was 64 ksymbol/s. The QP $knerated spreading code replicain which the timing was locked
symbol sequence of each data channel was multiplied with #nthe measured time delay of each of the resolvable propaga-
orthogonal-Gold sequence with the repetition period of 64 chifisn paths, and then integrated by the 1&D filter over the QPSK
(the spreading factor iSF' = 64) and a scrambling code with symbol interval. Path search for Rake combining was conducted
the repetition period 0640 x 222 chips. The spreading chip based on the average power delay profile. First, the instanta-
rate was 4.096 Mchips/s. To confine the spread signals withieous power delay profile per slot was measured by coherently
the bandwidth of 5.0 MHz, a square-root raised cosine Nyquesteraging the MF output belonging to 4 pilot symbols. Then, by
transmit filter with the rolloff factor of 0.22 was applied beforeaveraging the instantaneous power delay profile over 100 ms,
frequency conversion into the carrier frequency of 1990.5 MHhe average power delay profile was obtained. The choice of the
and power amplification. Note that the radio link parametermeasurement time for the average power delay profile depends
used in the paper are different from that of the latest standand the changing speed of the multipath delay times. However,
in 3rd Generation Partnership Project (3GPP) [19]. In the latesé found based on the field experiments conducted in Tokyo, in

A. Overall Receiver Structure
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Fig. 1. PSA-CAAAD receiver structure.
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Fig. 2. Block diagram of PSA-CAAAD processing.

which the mobile station was driven at a speed of approximatehe complex conjugate. In the beam former, the despread signal
30 km/h, that the required receivél /I, was minimized when samplesuk )z( )'s of 4 antennas are weighted and combined
the average power delay profile measurement time was 100 masform a receive antenna beam pattern for each resolved path
Therefore, we used 100 ms for the average power delay proiethat the SINR of the combined signal associated with each of
measurement time in the experiments. In our experimental & resolved paths can be maximized in the average sense. Since
ceiver, since the beam pattern was directed toward each paitle, weight adaptation algorithm is detailed in [10], we briefly
we used an omnidirectional beam pattern (which is generaiexplain the process. The resultifth signal samplex, ;(m)
by setting one of four weights to 1 and others to 0) for paftfwhich is thelth path beam former output) is represented as
searching.

Since the distance between both ends of the array antenna is » Z (J) w(;)*( ) @)
22 cm for a four-antenna adaptive antenna array, as will be de- kil D ko
scribed in Section I, the delay time difference between both
ends of the array antenna is a chip duration of dhly 1072, wherew(f)( ) is the weight associated with thjigh antenna.
Therefore, the shapes of the power delay profiles observedorder to coherently combine thi;, beam former outputs,
the 4 antennas are still the same, and the timing extraction GaN(m)’s, the resultant composite channel gain (multiplied

be performed using one power delay profile measured at a pgfth rms amplitude) at time = m1" + 71,1, which is given by
ticular antenna. This timing information was used at the other

antennas. The receiver was designed to select three resolvable 2 (J) (J)*
paths at maximum in decreasing order of the average received e, 1 Z V 25,1 wk ; (m) (3)
power. j=l1

The MF output sampl@“)(m) at timet = mI + 7,; needs to be estlmated using periodically received known pilot
(T is the QPSK data symbol interval, ang.; is time symbols B ; andgk , are the average received signal power
delay) associated with theth user of thelth resolved path and complex channel gain associated withithegpath of thesth

(I = 1,..., Ly, Ly is less than 3) on thgth antenna user].n; ;(m) is estimated using the simple average estimation
(j=1,...,4)is given by method [12] with 8 pilot symbols of two succeeding slots as
) (m+1D)T 475 ¢ . 4 44
Yy (m) = T /mTJm,l rOOpit =m0 dt (1) et =3 <i z_:l z(m) + § 21 zk,z(m)> -4

whererU)(t) andp,(t) are the received signal on theh an- Using the channel estimatg;, ;, the random phase of tHéh
tenna and the spreading waveform, respectively,sadénotes beam former outputy, ;(m), m = 4, 5, ..., 40, is removed
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to be coherently combined by the Rake combiner. The Rakendition by using 32 kb/s interfering users but with higher

combiner output is given by powers, e.g., the interference from a 32 kb/s user with double
. the transmit power is equivalent to that of a 64 kb/s user
ke . . . .
ok requesting the same BER performance. The transmitting timing
2k = 2k E 5 . . X
zx(m) ;7’“’1(7%)77"’1 ©) of each user was asynchronous. Two or six fading simulators

were used to simulate multipath signals that follow independent
The receiver antenna weightg’) (m) of (2) are updated using 2-path Rayleigh fading with the maximum Doppler frequency
the normalized least mean squares (N-LMS) algorithm [11] g = 80 Hz. The delay time difference between paths was set
that the mean square error (MSE) in the beam former outgat0.3 ;s corresponding to a chip length of 1.23. If the time
2z 1(m) is minimized. For generating reference sighal(m), delay difference between two paths is less than one chip length,
required for MSE calculation, the tentative recovered data syire., 0.24.s, they cannot be resolved by the receiver MF and
bols after coherent Rake combining were used in addition &€ seen as a single path. If the time difference is longer than
pilot symbols to establish faster convergence of the anter@@e chip length, the paths can be resolved unless the time
weights. The details regarding the generatiog,of(m) are de- delay difference is shorter than the scrambling code repetition

scribed in [10]. Then, error signal, ;(m) is generated as period, which in our case 840 x 22°-chip length, regardless
X of whether the time delay difference is shorter or longer than
ex,1(m) = Zx,i(m) — 21, 1(m). (6) the symbol length. In the experiment, therefore, we set the time

lay difference to 0.3:s. Note, however, that the length of

Since PSA channel estimation incurs one time slot delay (t % path search window was 2 symbols, i.e., 3185in the

symbols), the error signal associated with théh time posi- . .
. i . . . mplemented receiver.
tion of the previous slot is used for weight updating atthit 'mp v

time position of the present slot. Consequently, weight vectorWe assumed a linear array with t_he sepa}ratlon of half a car-
5 rier wavelength. In a real propagation environment, the same
wy 7(m) can be updated every 4 symbols as

faded signal of a certain user that propagates via a certain path

o) may arrive at different antennas with different DOA's. However,

wii(m +4) ' in the experiment, we assumed that a macrocell environment
W y,(j)l(m — 40) . with a high-elevation base station array antenna and the mobile

= wgy(m) + p— , ((m=40)  (7)  gtation is located at a sufficiently far distance so that the DOA
Z‘y,(j)l(m —40) is the same for all antennas. The fading simulator output was

j=1 divided into four, each of which was phase shifted and com-

) ) . bined with other user signals, where the phase shift is given by
wherey is the step size and was setjgo—= 10~* in the ex- 180 x (j — 1)sin@ degrees for antenng#j = 1 — 4, with 6

periments. Forming a beam null toward the second path wifa;; the DOA. Finally, Gaussian noise was added to obtain the

a very different DOA from thg fi_rst path does not degrade pe&)mposite received spread signal at each antenna and was input
formance. The reason for this is detailed hereafter. Let Us a% ihe receiver

sume a 2-path model for simplicity. In our beamforming algo-
rithm, the receiver antenna pattern is formed and updated
each resolvable path. Therefore, for the antenna pattern for %i

first (second) path, the beam nullis generated toward the secqidl ;i1 antenna weights were set to 1.0 for one antenna and

(first) path. In this way, the multipath interference on the Oth%ff r the others. The converged beam pattern associated with

path 1 _suppressed_and hence, the S|gr_1al-t(_)-n0|s_e ratl_o ON & resolved paths of User #1 is plotted in Fig. 3 for two angle
path is improved. Since the channel estimation using pilot sy

. . eviations, of two paths from the nominal DOAK« degrees
bols is performed separately for the first and second paths a ! one path and-« degrees for the other). When the 2 paths

23??{3?&”}?%’;:5 zggﬁ;ﬁ?nmbmmg effect is improved by USINGe received with the same time delay but from different inci-

' dent angles, the Rake receiver cannot resolve them. Therefore,
the beam pattern that has the main lobes directed toward the
2 paths is generated. In this paper, however, we only consider

In the laboratory experiments, two users (one interferintge case in which paths with different incident angles have dif-
user) or six users (five interfering users) were consideréerenttime delays. We computed the beam pattern from the actu-
that transmit continuously at the same data rate (i.e., 32 kb#dly generated receiver antenna weights. Since the antenna beam
for four-antenna PSA-CAAAD receiver. Assuming the samgattern is formed at the baseband processor, the generated an-
received quality [measured by BER or frame error rate (FER}JEnna weights are affected by the phase and amplitude variations
the received signal power (thus, transmit power) must lanong the four RF circuits (from low-noise amplifier to A/D
increased in proportion to the information bit rate. Since tht@nverters). To correctly illustrate the antenna beam pattern at
PSA-CAAAD receiver is a single-user type receiver, it dogbe receiver input, the RF circuitry’s phase and amplitude varia-
not demodulate the other interfering users’ received signatns must be removed from the generated antenna weights. To
This means that the received signal quality of the desired uskrthis, we measured the phase and amplitude variations by ap-
depends only on the received interference power. Insteadpbfing the test signal at the receiver input and measuring the am-
using higher rate interfering users, we can simulate the sapii#ude and phase of each RF circuit. In the field experiment, the

First, we measured the antenna beam patterns. The nominal
OA's of the two users were set t650 and-+40° for the de-
d user (User #1) and interfering user (User #2), respectively.

I1l. L ABORATORY EXPERIMENTS
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Fig. 4. Effect of angle spread of two-path DOAs on average BER
performance. Laboratory experiment.

toward the DOA of the other path of User #1. Wher= 30°,

since the beam former generated all beam nulls toward the
DOA's of the interfering signals (in our case, the freedom of
the adaptive array which is equal to the maximum number of
beam nulls was three), the depths of the beam nulls became

[l
‘
.
]
‘
:
3
’
1
v
Il
¢
v
’
[
]
1
'
]
1
:

Relative gain (dB)

20 - :
L : shallower compared to the case with= 0°. This resulted in
30 _ ; Vo degradation of the average BER performance.
- b The measured average BER performance when the nominal
0 a g::’;:ﬁ';‘:;fe};;esz 80 Hz) ) DOA's of the two users were similar to thos_e in Fig. 3 is plotted
[ Average received E/N, = 15 dB in Fig. 4 as a function of the average received SIR at each an-
| Averagerecsived SIR=-15¢8  Pathél  —— tenna witha as a parameter. Fig. 4 shows that almost the same
s L NLMS, p=10% I L BER performance is obtained for = 0-10°, yet whena =
-180 -120 -60 Angleso( degrocs) 60 120 180 30°, asis indicated in Fig. 3(b), the BER performance degrades
compared to that forr = 0—10° due to decreased null depths.
(b) & = 30 degrees. Therefore, the degradation of error rates whes 0—10° is not

a serious problem. According to the propagation measurement,
_ it was reported in [13] that is in the order of several degrees

Fig. 3. Effect of angle spread of two-path DOA's on generated beam patte(p_e_ o < 10°) for a high-elevation base station antenna and a
Laboratory experiment. (& = 0°. (b) a = 30°. T . .

long distance (e.g., an antenna height of 45 m and a distance

of 3 km in downtown Tokyo), and in [16] that is within 10°
time delay (carrier phase difference) among the four RF cabl@ih the probability of 80% with an antenna height of 70 m and
were measured (their lengths were approximately 60 m and #helistance of 0.5-2 km in an urban area in Frankfurt. There-
amplitude differences were within 0.2 dB). The measured mfore, it is understood that the PSA-CAAAD receiver can suffi-
tual couplings between array antennas were approximat#ly ciently suppress interfering user signals for the practical values
dB and can be neglected. Hence, its influence was not taken iofav (=0-10) (of course the number of interfering users must
account in the beam pattern computation. be less than that of the antennas minus one).

The average total received signal energy per informationTo observe the impact of the average received SIR on the
bit-to-background power spectrum density ratig, (No) of antenna beam, the generated beam pattern was measured for
User #1 was set to 15 dB, and the average received signal-tothre average receivétiR = 0, —5, —20 dB and the pattern is
terference power ratio (SIR) at each antenna of User #1 wHgstrated in Fig. 5. The DOA's of the two users are the same
set to—15 dB. Fig. 3(a) clearly shows that, when= 0, the as those in Fig. 3 at each antenna with= 0°. Fig. 5 shows
beam former accurately forms the beam null toward the DOat the beam null is accurately generated toward the DOA of
of User #2; the direction error of the beam null is withif. 3 the interfering user even for a large average received SIR such
Whena = 30° [Fig. 3(b)], however, a beam null is also formedas 0 dB.
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Laboratory experiment.
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experiment.

receivedE, /Ny value when the average receiveiR < —10

dB (in this SIR range, the channel is interference limited), the
BER performance with the PSA-CAAAD receiver is sensitive
to the average received, /N, value. It was observed that with

the PSA-CAAAD receiver, as the average receivBg/ Ny
value increased, the BER performance improved because of
the increased depth of the beam nulls. This is because a more
accurate reference signal can be generated due to the improved
channel estimation, and because the interference power level
was suppressed to as low as the background noise level due to
the effect of beam forming. Even when the average received
E,/No = 10 dB, the PSA-CAAAD receiver achieved the
averageBER = 10~2 at the average receive)lR = —26

dB while the space diversity receiver required a 9-dB larger
received SIR value. When the average recei¥gdN, was
increased to 20 dB, the superiority of the PSA-CAAAD
receiver to the space diversity receiver became more evident,
and there was an additional reduction of approximately 2.5 dB
in the required average received SIR. It should be noted that
to obtainp = 0, the antenna spacing between two adjacent
antennas must be wider than several carrier wavelengths at the
base station [14], however, for the PSA-CAAAD receiver only

a 0.5 carrier-wavelength antenna separation was required.

The measured BER performance when the DOA's of the two Until now, we assumed two-user environments (the number
users were similar to those in Fig. 3 with = 0° is plotted of interfering users is smaller than that of the beam nulls).
in Fig. 6 with the average receivell,/N, as a parameter. Therefore, we also investigated the beam pattern and average
For comparison, the BER performance with a four-brandBER performance when the number of interfering users is
space diversity receiver using MRC is also shown, where tlerger than that of the beam nulls. The beam patterns of a
received signals of each resolved path on the four antenms#suser environment (five-interfering user) are shown in Fig. 7
were MRC combined and then Rake combined. For the spatith the average received SIR of User #1 user as a parameter
diversity receiver, two extreme cases of fading correlatiomjth « = 0. The DOA's of User #1, #2, #3, #4, #5, and #6 were
p = 0 and 1.0 were considered. Apparenily= 0 achieved setto—50, —30, —10, 0, +20, and+40°, respectively. It was
a better level of performance and therefore, in the followingssumed that the average receivgdNy = 15 dB. The figure
we compare the PSA-CAAAD receiver with space diversitghows that as the average received SIR decreased, the antenna

receiver withp

0. While the BER performance with thegain toward the DOA of the interference became smaller.

space diversity receiver is virtually insensitive to the averagdthough the three beam nulls were not generated toward each
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. . . . Base station
DOA of the interfering user, the interference suppressionof __~ ____.----""

more than approximately 16 dB was obtained. T
The measured average BER performance in a six-user envi- RN
ronment as a function of the average received SIR at each an- ’
tenna witha, = 0° is shown in Fig. 8 with the average received J
L, /Ny as a parameter when the DOA's of six users were the 1
same as that in Fig. 7. The BER performance of four-branch /
space diversity receiver using MRC wigth= 0 was also plotted !
for comparison. Compared to the 2-user case in Fig. 6, the BER N
performance with space diversity reception was degraded by ap- /
proximately 2 dB for the required received SIR. The degradation ;
compared to the 2-user case with PSA-CAAAD reception be-
comes much larger than space diversity because the beam nulls
are not generated toward the DOA's of interfering users. How-
ever, even when the number of interfering users is larger than
that of the beam nulls, it is clear that the required average my. 10. Measurement course for field experiment.
ceived SIR of the PSA-CAAAD receiver for achieving the av-
erage BER 0102 can be reduced by approximately 6 dB com-
pared to the MRC space diversity reception when the average
receivedE, /Ny = 20 dB. Field experiments were conducted in an area nearby Tokyo
The measured BER performance with the number of muliia two-user environment (hereafter we denote the desired and
pathsL as a parameter in the six-user environment is plottedimterfering users as MS1 and MS2, respectively). The antenna
Fig. 9 as a function of the average received SIR at each anterfmgights of the base station and the mobile stations were 50 and
The DOA's of the six users are similar to those in Fig. 7 witR.9 m from the ground, respectively. The measurement course
« = 0°. The figure shows that the PSA-CAAAD is superior tas illustrated in Fig. 10. We measured the beam pattern and BER
space diversity reception with = 0 except for. = 1. This performance when MS1 equipped with a mobile transceiver was
implies that the Rake receiver worked satisfactorily so that tideiven along the measurement courses at an average speed of
instantaneous SINR was maximized. Hoe= 1, the BER per- approximately 30 km/h and MS2 was stationary at a fixed loca-
formance of the PSA-CAAAD was worse than that of space dion. The distances of MS1 and MS2 from the base station were
versity when the average received SIR was larger thehdB. 600-850 and 600 m, respectively. In the measurement course,
In this case, the impact of the background noise was domindiné look angle from the base station changed fred0° to
compared to the interference, and hence the space diversity wd®° and MS2 was stationary at the look angleief0°. There-
more effective. Wher, = 3, the BER performance improvedfore, the angle difference between MS1 and MS2 varied from
most with PSA-CAAAD receiver or space diversity due to the0 to 30. The measured power delay profile in the measure-
Rake time diversity effect. ment course is also plotted in Fig. 11. A residential apartment

. Measurement
. course
N

MSI

IV. FIELD EXPERIMENTS
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building and an office building were located along the measur L
ment course, resulting in one-to-two path fading appearing -0 ‘"mon——+-4t+--—-+t+—-— Lt - L 1
the first half of the course, followed by two-to-three path fadin 180 120 -60 Angleso(degrees) 60 120 180
with an average power difference of approximately 3 dB, whil
MS2 was almost in the line-of-sight path (thus, a single path) A vod SIR .15 dB
The generated beam pattern associated with one of two - (b) Average receive

solved paths of MS1is plotted in Fig. 12 for the average received

Eb/NO of MS1 of 25 dB. The figure shows that the direction ofig- 12. F;enerated beam patte_rn. Field experiment. (a) Average received
the main lobe shifts along with the movement of MS1. AlthougﬁIR = —12.dB. (b) Average receivedIR = —15 dB.

MS?2 is located at the fixed point at40°, the directions of the

beam nulls are also shifted according to the movement of MS&ignal power with the PSA-CAAAD receiver can be decreased
This is because the receiver antenna weights are updated tolnapproximately 5-10 dB and 8-10 dB compared to MRC
hance the gain toward the DOA of MS1 in order to maximize thepace diversity reception for the average recebEl = —12
received SIR after weight combing. The depth when the averaayed —15 dB, respectively. This is because the beam nulls are
receivedSIR = —15 dB is larger than that of average receivedormed toward the DOA of MS2 with a high transmit power.
SIR = —12 dB. In space diversity reception, the required received signal power
The measured BER performance is plotted in Fig. 13 asofthe field results at the average BER 12 increases by
function of the average received signal power with the averagpproximately 1-4 dB compared to the laboratory experimental
received SIR of MS1 as a parameter. The average receivedults. This degradation is considered to be due to the path
E, /Ny of the MS1 was set to 25 dB. For comparison, the resukgarch error for Rake combing and to the fact that the channel
of the MRC space diversity receiver are also plotted (antenmeodel assumed in the laboratory experiment does not exactly
separation was 10\). The laboratory experimental resultgepresentthe real channel. The degradation of field results from
using a 2-path average equal channel model wigh = 80 the laboratory experiments with the PSA-CAAAD receiver
Hz are also plotted. The figure shows the required receivedcomes larger than that with space diversity reception due to
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10% v space diversity reception for the average recevEt = —12
: d-antenna 2-use ] and—15 dB, respectivel
s % . Average received E/N, of MS1] o db, resp Y- ' .
. ®s0e =25dB Through the laboratory and field experiments, we demon-
1011 Average received SIR - strated the high potential of the PSA-CAAAD receiver to signif-
F e 0 -15B ] icantly reduce MAI from high rate users compared to the space
» ® 0 -I2B diversity receiver.
8 102b Space diversity 4
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