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Abstract. This paper addresses some essential problems that have to be taken into consideration in implementing the
smart antenna base station (SABS) for downlink beamforming. In order to provide proper downlink beamforming as
well as uplink beamforming, a pragmatic procedure of automatic calibration is proposed. Through the experimental
test, we conbrm that the proposed calibration technique has eliminated the problem of the phase differences of the
signal path associated with each antenna. Also, in this paper, we brst analyze the multipath condition under which
the auxiliary pilot becomes indispensable for detecting the data transmitted on the data channel and what happens
if the auxiliary pilot is not available. Then, the performance of the downlink beamforming utilizing the auxiliary
pilotis analyzed through the computer simulations. Finally, we present a comparison of downlink communications
to uplink ones in terms of throughputs available at each of uplink and downlink communications.
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1. Introduction

Since adaptive antenna arrays provide a way of spatially bltering out co-channel interfering
users from the cell which the desired user is in and from the neighboring cells, the use of the
SABS is an attractive way to increase the capacity of CDMA systems. The use of adaptive
antenna arrays at the base station can increase the capacity of a mobile radio network due
to the capability of mitigating the interference [1]. The purpose of uplink beamforming is to
receive as much power as possible from the desired user and as little power as possible from
any undesired users. Also, the purpose of downlink beamforming is to transmit as much power
as possible to the desired user and as low power as possible to any undesired users.

For systems with time division duplex (TDD) almost the same channel conditions exist
for uplink and downlink if the transmission frame is short compared with the maximum
Doppler frequency. Therefore, beamforming is optimized instantaneously corresponding to
the temporal Buctuations of the channel and is identical for uplink and downlink. In cases
of systems with frequency division duplex (FDD) the fast fading processes for uplink and
downlink are different. However, if the frequency separation is not too large, the uplink and
downlink waves exhibit the same directional dependence. Therefore, downlink beamforming
has to be carried out in an average sense based on the uplink channel measurement. The
beamforming technique of this paper is to identity the specibc paths and form the weight
vector corresponding to each specibc path to enhance the signal received at the SABS [2].
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In the uplink beamforming procedure, each array output is obtained by weighting the
received signal from the array antennas and combined to form a final output of the Rake recep-
tion. In other words, the signal component received through each propagation path is processed
separately and properly weighted array outputs are combined together for the Rake reception.
This means that we calculate separate uplink beamforming weight vector per propagation path
for each user. In this paper, the weight vector for downlink beamforming is borrowed from
the uplink beamforming weight vector. However, in downlink beamforming, since we cannot
separately transmit each propagation path signal to mobile terminal at the base station, the
weight vector for the jth mobile terminal is obtained by summing the uplink weight vectors
of the kth propagation path of the jth mobile terminal, which are computed during the uplink
communications. The received signal at the jth mobile terminal can be written as [6]
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where 7 and hy(t) are the propagation delay and the channel vector of the kth propagation
path, respectively, and nj(t) is the additive white Gaussian noise with one-sided spectrum den-
sity Ng. For FDD systems, according to reciprocal law, only the directions of arrival remain
unchanged for uplink and downlink transmissions [7]. Thus, the downlink channel vector can
be written as [8]
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where oy (1) is the fading factor of the qth scatter of the kth propagation path and a(6) is the
steering vector associated with the kth propagation path. Note that the steering vector together
with the fading factor explicitly means the channel response between the N-antenna SABS
and the 1-antenna receiving mobile terminal. Therefore, the received signal at the jth mobile
terminal can finally be written as
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In (2), it is assumed that the propagation delay of every scattered component within a given
propagation path is identical.

3. Array Calibration

What we are performing in the SABS is only beamforming. The calibration is necessary for
downlink beamforming of which the purpose is that the optimal parameters computed in uplink
communications can be used in downlink communications. The calibration is to compensate
the phase differences of the signal path associated with each antenna in TX and RX mode. The
problem of calibration has arisen because the phase characteristics of signal path associated
with each antenna are different from each other in TX and RX mode. Especially when the
beamforming parameters are to be obtained from what has been computed during the uplink,
the differences in phase characteristics of the signal path associated with each antenna in TX
and RX mode should be compensated for through the calibration by measuring the phase
characteristics of the signal path associated with each antenna in TX and RX mode. We have
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only focused on the phase difference of the signal path associated with each antenna because
we thought that magnitude is not a major factor in implementing the smart antenna system for
downlink beamforming. Also, from our experimental experiences, due to a careful design of
each antenna path in our SABS, amplitude difference of the signal path associated with each
antenna is very small.

In this section, we introduce a simple and accurate calibration procedure, in which an
additional antenna is utilized for transmitting or receiving a test signal to or from each antenna
element, respectively, for TX or RX calibration. The calibration should be performed for RX
and TX mode separately because the signal paths for RX and TX mode exist separately. Itis also
noteworthy in this paper that the proposed calibration technique can be applied while the SABS
is operating, which means that the SABS does not have to be turned off for the calibration.

In RX calibration, the test signal from the additional antenna is transmitted and received
at each antenna element. After frequency down and analog-to-digital (A/D) conversion of
the test signal, the phase characteristics of the signal path associated with RX antenna are
obtained and RX calibration is performed by using the phase characteristics of each antenna
element. Similarly, in TX calibration, the test signal from each antenna element is transmitted
and received at the additional antenna. Then, the phase characteristics of each antenna element
are calculated and TX calibration is performed.

Figure 2 illustrates the TX and RX calibration procedure mentioned above when an ad-
ditional antenna is utilized. In our calibration procedure for the results we obtained, it is
assumed that the phase between the additional antenna and each of the array antennas has
been known a priori. Figure 3 shows experimental measurements of the phase delay obtained
in our implemented SABS for CDMA2000 1X [4] at each RX antenna path when the test signal
is transmitted from the additional antenna for RX calibration. We used 6 antenna elements
for uplink beamforming and 4 antenna elements for downlink beamforming. The reason for
adopting 4 antenna elements for downlink beamforming instead of 6 antenna elements as in
uplink beamforming is to reduce the potential pointing error of the SABS.

In Figure 3(a), the 1st antenna element (Ant 1) is considered to be a reference antenna
and phase of the received signal at each antenna element shows the relative phase difference
between each RX antenna element and a reference RX antenna element. In the implemented
SABS considered in this paper, we used array antennas of which mutual coupling is less than
—20 dB. As shown in Figure 3(a), the relative phase delay at each RX antenna differs from the
others but remains almost constant as time goes on. From the experimental measurement, it was
observed that the phase delay of signal path associate with each antenna element remains steady
over 500 sec. The standard deviation of the residual phase error of the relative phase delay at
each antenna element is 2-3°. The objective of calibration is to compensate the differences
as accurately as possible with a reasonable complexity. Figure 3(b) shows phase delay after
RX calibration. In Figure 3(b), it can be observed that the proposed calibration technique has
eliminated the phase difference of the signal path associated with antenna elements.

4. Auxiliary Pilot Channel

4.1. NECESSITY AND PERFORMANCE OF AUXILIARY PILOT

If a common pilot is used for every user, while the traffic signal is transmitted with a narrowly
shaped beam, then the phase of the traffic and pilot signal received at mobile terminals must
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Figure 2. Calibration procedure: (a) RX calibration, (b) TX calibration.

be different from each other when there exists multipath. This can cause a serious problem
in channel estimation especially when the difference of propagation path delays is less than
one chip duration (T¢). To overcome this problem of erroneous channel estimation in the
downlink beamforming, the auxiliary pilot has been defined in the communication standard
of CDMA2000 [9].

In this section, we first analyze the multipath condition under which the auxiliary pilot
channel is indispensable for detecting the data transmitted on the channel and what happens
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Figure 3 Phase delay before/after calibration: (a) Before calibration, (b) After calibration.

if it is not available. Therefore, we present a performance analysis of downlink beamforming
utilizing the auxiliary pilot in a CDMA2000 1X system through the computer simulations.

When a common pilot is used in a signal environment in which propagation path delay
with 1 and » is less tharT, the received signal at mobile terminal from combining (1) and
(4) can be written as

2

r(t) = W den(t S 1) - Wien(t S 1) - a( 1) + doich(t S ) - Woien(t S 1)} (5)
k=1

where the subscript tch and pich denote the trafbc and pilot channel, respectively. In (5), for
simplicity but without the loss of generality, we assumed that there exists a single scatter per
propagation path and the fading factor is constant during a symbol period. We also omitted
the interference from other users, noise and transmitted signal power in (5). To obtain the
channel information at the mobile terminal, the received signal of (5) is multiplied by Walsh
code of the common pilot channel and integrated over a given symbol period. Then, assuming
the processing gain is high enough to suppress the co-channel interferences, the pilot channel
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signal can be written as

Ypich = a1 + o (6)
Similarly, the traffic channel signal is given by

Yieh = (0181 + 0282) - Uich (N

where g; = wH - a(6,) and B = wH -a(6,). Note that both B1 and B, cannot be all real-valued
at the same time because they are obtained by correlating a weight vector to the two distinct
steering vectors. Consequently using the channel estimation obtained in (6), the final phase
compensated traffic signal would be

Yieh = (1 + ) (01 B + a2f2) - Gien 8)

It can be observed that the phase compensated traffic signal is never equal to the transmitted
traffic information, diy,. In short, the phase characteristic of the traffic and common pilot
channel are different from each other such that the traffic information cannot be retrieved
correctly. Note that the erroneous channel compensation has occurred because the multipath
could not be separated through the despreading procedure. Note, also, that if the propagation
delays of the multipath are different by further than the chip duration, i.e., |ty — 72| > T, the
searcher at the RX mobile terminal would be able to separate each of the multipaths through
the despreading procedure. Then, by applying the same rule used to obtain (8), the final phase
compensated traffic signal with a proper Rake combining would be

Sich = {lot|*B1 + |oa|* B2} ken ©)

Note that when the SABS operates normally, the weight vector should correspondingly com-
pensate the steering vectors a(6;) and a(6,) of the first and second propagation path, respec-
tively. Consequently, in the signal environment of |t} — ;| > T, the traffic information can be
retrieved correctly even with the common pilot, if the weight vector completely compensates
for the corresponding channel steering vector. From the above discussions, in order to provide
a stable channel estimation in both cases of |t; — 12| < T and |11 — 1] > T, it is necessary
that the auxiliary pilot should be assigned to each of the subscribers when a dedicated pilot
for each user is not available.

With the auxiliary pilot being assigned to each subscriber, when the multipath is not
separable due to |71 — 7] < T, the received signal at mobile terminal can be written as

2
r¢) = Z O[k{VVH [dtch(t — k) - Vvtch(t — ) + dapich(t — ) - Wapich(t — )] - a(bk)
k=1

+ pich (t = 7) * Whien(t — 7o)} (10)

where the subscript apich denotes the auxiliary pilot channel. After the despreading procedure
described above, the auxiliary pilot channel signal can be written as

Yapich = aifr +axf (1D
Similarly, the traffic channel signal is given by

Yieh = (a1 81 + a22) * Gie (12)
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Consequently using the channel estimation obtained in (11), the final phase compensated traffic
signal can be written as

Yieh = |1 1 + a2B2]? + Oien (13)

From (13), we can see that the traffic information dyj, is retrieved correctly. If the propagation
delays of the multipaths are different by further than the chip duration, i.e., |t; — 75| > T, the
searcher at the RX mobile terminal would be able to separate each of the multipaths through
the despreading procedure. Then the final phase compensated traffic signal with a proper Rake
combining would be

Sien = {lot B1I* + |2 BolYhen (14)

It can straightforwardly be observed from (14) that the auxiliary pilot gives correct phase
information for the case of |11 — 75| > T as well.

To assign the auxiliary pilot to each subscriber, distinction of each subscriber by using a
different Walsh code length is necessary. If Walsh code length for the auxiliary pilot is the same
as that of the traffic channel, it causes a shortage of available Walsh code resources for the
traffic channels. Therefore, the Walsh code length for the auxiliary pilot should be far longer
than that of the traffic channel, i.e., 64. Table 1 indicates the auxiliary pilot assignments in a
CDMA2000 1X system for 3 different choices of the extended Walsh codes for the auxiliary
pilot, in which we assumed there are 3 overhead channels in total, i.e., pilot, sync, and paging
channel, respectively. In Table 1, we consider 128, 256, and 512 Walsh code words to assign
the auxiliary pilot where T and A denote the allowable number of traffic and auxiliary pilot
channels, respectively. For example, Table 1 indicates that the total number of traffic channels
available is 54 for the system of RC 3 when the Walsh code of length 512 has been used for
the auxiliary pilot.

Figures 4 and 5 show the uncoded average bit error rate (BER) at a mobile terminal when
a Walsh length of 128 is used for the auxiliary pilot in multipath signal environments of two
propagation paths with path delay of 7 and 7,. In Figures 4 and 5, an adaptive beamforming
algorithm shown in [10] has been used for computing the weight vector during the uplink. It is
assumed in this paper that there exists a three-sector environment and the users at each sector
are uniformly distributed from —60 degree to 60 degree. In addition, the carrier frequency of
uplink and downlink is set to 1.77625 GHz and 1.86625 GHz, respectively. In Figure 4, we can
see that the assignment of the auxiliary pilot itself causes an increase of interference, which in
turn causes a slight degradation compared to the case of a common pilot. Meanwhile, Figure
5 illustrates that the SABS only with a common pilot becomes completely useless when the
difference of the two propagation path delays is shorter than one chip duration. In Figure 5,
as the auxiliary pilot channel propagates through the identical channel as the traffic channel,
there is no phase difference between the auxiliary pilot channel and traffic channel at the
receiving terminal, while the phase value of the common pilot channel is inherently different

Table 1. Auxiliary pilot assignments in CDMA2000 1X

Extension RC 3, 5 (Walsh 64) RC 4 (Walsh 128)
128 T41,A40 T 61, A 61
256 T 49, A 48 T 81,A 82

512 T 54, A 56 T 97, A 100
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Figure 4. BER of the downlink beamforming (|t; — 7| > To).
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Figure 5. BER of the downlink beamforming (|7; — 15| < T¢).

from that of the traffic channel. Therefore, it seems to be necessary to include the auxiliary pilot
together with the common pilot in practical applications of SABS. Although the auxiliary pilot
seems to be indispensable to resolve the problem of channel estimation in terms of multipath
propagation, it is also noteworthy that the auxiliary pilot itself is another source of interference.
From our computer simulations, it can be observed that in case of |1y — 1| > T, the assignment
of the auxiliary pilot causes about 0.7dB SINR degradation in BER performance. We also
performed the computer simulations in case that the number of downlink antenna elements is
set to 6 and 4, respectively, and there exists single propagation path. It could be observed from
the computer simulations that the assignment of the auxiliary pilot caused a slight increase
of interference, which caused about 0.56 dB, 0.5 dB SINR degradation, respectively, in BER
performances, when the number of downlink antenna elements was set to 6 and 4, respectively.



