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Abstract

We propose a new scheme combining the calibration of the path imperfections and the compensation of HPA
nonlinearity in the downlink OFDM smart antenna systems. We use a two term third-order polynomial (without
second-order term) and the indirect learning architecture for calibration and compensation, to make each path of the
antenna array have equal characteristics. We test our scheme with computer simulations. The result shows that, with the
addition of only one third-order term, the adverse nonlinear effects as well as the those of linear imperfections can be
effectively compensated.

Keywords : Smart antenna, array antenna system, indirect learning architecture, calibration, compensation.

I. Introduction

The smart antennas have recently emerged as a
means to improve the performance of mobile radio
systems. The smart antenna is an antenna array
system combined with space-time signal processing.
For the beamforming, which i1s one of the most
processing  techniques,

fundamental  space-time

accurate estimations of DOA (direction of arrivals)
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and time delay are essential. Most high-resolution
DOA estimation algorithms, however, assume the
ideal matches between array signal paths and linear
amplification, which is usually not the case in
practice. The gain and phase responses of each signal
path vary due to temperature and humidity changes,
mismatches of cable lengths, and cross-talks arising
from mutual couplingsm. Moreover, the nonlinearity
in the high-power amplifiers makes the overall
system performance worse. Various array calibration
methods with or without known source direction have

4%, However, these methods only

been propose
calibrate linear imperfections of signal paths with the
assumption of perfectly linear power amplifications.

Usually, the linear amplification means an inefficient
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power amplifier that operates at a power lever back
off the If the

compensation can be combined with the calibration

saturation region. nonlinearity
process, an efficient smart antenna may be attained.

We propose a new technique that combines the
calibration and the compensation. With the addition of
only one filter coefficient for each signal path, we can
attain both the calibration and the nonlinearity
compensation. We calibrate and compensate the
signal paths one-by-one using one training block.
Since the calibration and compensation (cal-com)
should be performed before the signal is put onto
each path, the training block is placed forward of
each signal path, which necessitates the use of
indirect learning architecture.

This paper is organized as follows. In section II,
we briefly discuss the path imperfections that arise in
the antenna array systems. In section III, we describe
the indirect learning algorithm used to train the
cal-com block. In section IV, we propose a scheme
for training the cal-com block for the overall system
operation. In section V, we show simulation results
to verify the performance of the proposed scheme. In

section VI, we conclude our work.

II. The path Imperfections of Antenna Array
System

The imperfections arising in the smart antenna
system can be divided into two categories: linear and
nonlinear. The linear imperfections are the mutual
coupling which arises when the paths are closely
placed, the length discrepancy of cables or conductors
which connect each path to the antennas, and the
channel imbalances attributed to the component errors
and the local changes of temperature, humidity,

" The nonlinear imperfections

vibration and so on
originate from the nonlinear devices such as mixers
and high power amplifiers. The nonlinear effect of
mixers 1s usually negligible since it is removed by
we consider the downlink

filters. In this paper,

system only for brevity. However, the generality of
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the proposed scheme is not lost and can be extended
to the uplink case as well™ ¥,

Mutual coupling is a typical linear imperfection.
Two paths in proximity place influence on each other.
This interaction is called mutual coupling. It changes
the current on each path. If we neglect the noise, the

mutual coupling can be taken into account as

x[n] ZYOA(H)S [n) (1)

where x[n] is M1 snapshot vector of the signal
current components in the paths, Y, is MXM
A(6) ML

steering matrix, s [n] is Z <1 source voltage vector,

normalized admittance matrix, is
and M is the number of the antenna elements.

The length discrepancy of the cables or conductors
that carry each signals introduces imbalance of phase
shifts and losses. If we assume the transmission lines
are loss—free, they cause phase imbalance only. The

phase imbalance can be taken into account as

x[n] =LA 0)s[n] (2)
where
L= diag (e*J'27rAz:,ﬂ/>\)7 i=1, M 3)

is the matrix that represents the phase imbalance and

Az; are the differences in the length of the
transmission lines.
10 T T T T T T
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Fig. 1. Comparison of beam patterns of the ideal

system, with that a system when the nonlinearity
of all the paths are identical.
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The gain and phase imbalance in the transmit
trains arises by both the antenna elements
themselves and the related electronics, ie., the
variance of component values, antenna mismatches,
and the local variations of temperature, humidity, etc.

The path imbalance can be taken into account as
x[n] =GA0)s [n] 4)

where the imbalance matrix G is defined by
GZdiag(gieij(b"’),i:l,...,M 5)

where ¢, is the gain and ¢, is the phase for transmit
train 1.

Previously published calibration methods attempted
to compensate for linear imperfection only. When
these methods are applied to the antenna array that
has both linear and nonlinear imperfections, only the
linear effects are calibrated, leaving the nonlinearity
uncompensated. Let us assume a situation where an
identical nonlinearity exists in all the paths of the
antenna array. The Fig. 1 shows the beam pattern
when linear imperfections do not exist and the

common nonlinearity in all the paths is given by
y[n] = a,z[n] —l—a3x3 [n] 6)

where a, =0.7+0.25, a; =0.152940.1i. The DOA is
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Fig. 2. Signal constellation of the antenna array system
when the nonlinearity of all the paths are

identical.

assumed 30°. The solid line is the case without
nonlinearity and the dotted line is the case with
nonlinearity. We observe that, though the main beam is
formed to the right direction, a second beam is
generated to the wrong direction. Moreover, the
constellation shown in Fig. 2 reveals that the
nonlinearity introduced the phase rotation and
constellation miss—alignment. From the result, we
assert that, when there is nonlinearity, the existing
calibration methods do not deliver adequate correction,
which leaves room for improvement through the
compensation of the nonlinearity. When the
nonlinearity in each path is different from each other,
even the main beam formation can not be guaranteed.
We will add only one more nonlinear term to the
calibration to mitigate all the adverse effects arising
from the nonlinearity.

Each signal path in the antenna array can be
represented as Fig. 3. The signal is converted into
the analog signal by a D/A converter, then converted
to an RF signal by an up converter. The RF signal
is transmitted through a high power amplifier and
antenna. Since the cal-com is performed in the
baseband, the proposed method should be applied
before the signal is put into the D/A converter.

<‘HI Up D/A
|- | -
conv. conv.

CtealadM Ztzte| AMls Z=2o oist 2N}
HAb

Fig. 3. Calibration and compensation for each signal
path in dowlink.

Compensation
& Calibration

ag 3.

Cal-com
Yl —<HPA = Arll’l:t];lna < N(:;?Celar x[n]
+¥Y (Copy of A)
Training S/éstcm—_el?
Nonlinear
model 2[n]

/(A)

a8 4 2 B Rx
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Fig. 4. The indirect learning architecture.
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OI. The path Imperfections of Antenna Array
System

Fig. 4 shows the indirect learning architecture that
is used for cal-com. The feedback path labeled
(block A) a third order

polynomial (without the second-order term) system

‘Training System’ is
with y[n] as its input and z[n]as its output. The
actual cal-com operation is performed by the cal-com
block which is the exact copy of the training block.
The cal-com block has z[n] as its input and z[n]
Ideally, we would like to have

as its output.

yln] = z[n], which renders z[n]=z[n] and the
error e[n]=0. Given y[n] and z[n], we will find
the parameters of block A which make the error
| 2 is

energy |l e[n] minimum. The error energy

expressed as

lefn] 12 = Il z[n]— 2[n] II? (7

Since the linear imperfections are memoryless, we
use a polynomial as the cal-com block (and training
block as well). Despite that we calibrate the linear
the HPA
nonlinearity altogether, we need only one more term
and adopt readily the VSS-LMS (variable step size
least mean square) algorithm[7][8] for the polynomial
coefficient adaptation. The VSS-LMS is known to

have a faster convergence characteristic than LMS. A

imperfections and compensate for

third-order polynomial is represented by

p[n] = hyT[n] + h3$ [n“x[n“Q . ®)

The update rule for the coefficients is given by

hin+1]=h[n]+ ulnle[n]x[n] 9)

where h[n] is the vector whose elements are the
coefficients of a third order polynomial, which is

represented by

b= [h,, ) (10)

and x[n] is the input signal plus the third-order

term represented by

HE QLIS FE 2F HME 2ol
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x[n] = [z[n], z[nllz[n]P] (11)

and u[n] is the variable step size, which is given by

pln+1] = auln] ++e*[n] (12)

where «, are suitable constants which determine

the update amount.

IV. The proposed method combining
calibration and compensation

Fig. 5 shows the whole antenna array system with
the proposed cal-com and training blocks utilizing the
indirect learning architecture. We use a polynomial as
the nonlinear systems for cal-com. The training
block, shown in the dotted box between the switches
A and B, all
tun-by-turn by the switches A and B. Once the

is used commonly by paths
switches select a path, the training block updates the
contents of the corresponding cal-com block in the
path using the indirect learning algorithm.

Here we assume that the nonlinear characteristic of
the HPA changes slowly with time: the changes in
the nonlinear system characteristics are mostly due
to the temperature drift, aging, etc., which have long
time constants. Once the adaptation algorithm has
converged, the new set of filter coefficients is

Nonlinear System with Memory (n-1)

Up
conv.

(n-1)

Cal-com
i (n-1)
(copy of A)

HPA
(n-1)

D/A
(n-1)

i

Antenna array (n-1)

Nonlinear System with Memory (n-1)

Cal-com
()
(copy A)

HPA Up D/A
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@-1) ) @-1)

vl

Antenna array (n)

A Yy Yy v

Switch A K Switch B
Training
Down A/D System

conv.
. (A)

error
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Fig. 5. The path calibration and nonlinearity
compensation in the whole antenna array
system.
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plugged into the corresponding cal-com block. Since
the characteristics of the system changes slowly, the
setup in Fig. 5 can be run intermittently: i.e., we may
run the training block only when a new adaptation is
needed.

V. Computer simulation

We verify the performance of the proposed scheme
through computer simulations. As the test signal, we
used a mobile WiMax signal. The bandwidth of the
mobile WiMax signal is 875 MHz, the sampling
frequency is 10 MHz, the sub-carrier spacing is 9.76
kHz, and FFT size is 1024. Table 1 shows the
antenna system parameters used in the simulation.
The simulations were carried out for an array of
eight, center-fed dipole antennas which are linearly
spaced by the half a wavelength. Effective power
matching was assumed, which means the load
impedance values were set to the conjugate of
antenna impedance values. Tables 2-4 show the
DojMeof ALSE Y QE|LE A|ARISl m2}
o|E
Table 1. System parameters used in the simulations.

E N

Parameter Value

Uniform linear

Array geometry antenna array

Inter-element spacing /2 A
Carrier frequency 2.3 GHz
Number of antennas 8
DOA 30°

B2 NS Zoo o 45 uEHA

Table 2. The mutual impedances due to the mutual

coupling.
d, =d/\ Zyc(£2)
0 T4+42i
05 —12+29¢
1 4+18i
15 —3—11i
2 1+10i
25 —1—-7i
3 0
35 0

antenna array imperfections used in the simulations'”.

Table 2 shows the mutual impedances attributed to
mutual coupling. The first column represents the
relative spacing d, = d/)\ for each paths and second
column is the corresponding mutual impedances. The
mutual impedance for d.=0 means the self
impedance.  Since  the load impedance @ is

Z,; = 74—1i42, the mutual coupling is expressed as

7, Zia,
1 + i 1o
ZL ZL
Y, =Z,'= o : (13)
ZMl ZMM
Zr Zr

where Z, is the normalized impedance matrix.

Table 3 shows the phase shifts due to the cable
length discrepancy that are randomly distributed
within 10% of A.

Table 4 shows the gain and phase of the each

¥ 3. FolE Zo| xolo| w2 A MO
Table 3. The phase shifts due to the cable length
differences.

Path The cable length differences

ei 1.3835

eil,3891

ei 1.3862

eil,4157

ei 1.4782

ei 1.4396

N O[O |W| DN~

ei1.5213

8 eil,5526

E 4 s ZEo o|Su fY

Table 4. The gains and phases of the signal paths.

Path The gain and phase

1
0.97626130.0346
0.93626i0’0743
1.0247610.1239

1.0142¢ 0%
1.0763610.0245

0-9874671:0‘1362

0-9988671:0‘1187

0[N [ |0 [wW| |~
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Fig. 6. Signal constellations of the antenna array
system with linear imperfections.

signal path that are randomly distributed within 10%
of the gain and phase.

We compare the constellation of the signals and
the beam pattern without calibration with ideal ones
for the imperfections described so far on the
assumption that the HPAs are all identical and linear.
Fig. 6 shows the -constellations for QPSK and
16-QAM signals and Fig. 7 shows the beam pattern.
Fig. 6 reveals that the linear imperfections introduced
the phase rotation. The dotted line in Fig. 7
representing the beam pattern of the system with
linear imperfections shows that the main beam is
formed to the wrong direction and the side beams
and nulls are formed to the unpredictable directions.

The nonlinearities in the HPA’s make matters

worse. For simulations, we adopted a traveling wave

the si‘stem wwlth

! Imearl perfecnons\J\ /
I

-30

steering

-40

-50

M0 — — — — — - -

-70

Fig. 7. Comparison of beam patterns of the ideal
system, and the system with linear imperfections.
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Table 5. The nonlinear coefficients of the HPA

Amplifier # The nonlinear coefficient of the HPA
1 a,=2, B,=1, a,=253, [, =2.82
2 =18, 6,=09, a,=22, 3,=29
3 a,=21, ,=1, a,=24, ﬂa=29
4 a=26=11a=256=
5 =22, §,=11, a,=23, 3, =
6 aa—1.9, B,=12, a,=23, §,=
7 a, =17, 3,=038, a,=26, 60,22.6
8 a,=2, 8,=08, a,=27, 3, =238

tube (TWT) amplifier model for the HPA’s. The
amplitude A and the phase shift @ of the output
signal of the TWT are modeled by the Saleh’s

model” as follows:

o [n]
Alrln]] = m (14)

ozp7‘2 [n]
b= 1

where «,, 3,, a,, 3, are constants and r[n] is the

normalized input. In table 5, we show the parameters
of the TWT used in this study.

We investigate the system with the linear
imperfections and the nonlinearity of the HPA. Fig. 8
shows the constellations for QPSK and 16-QAM
signals and Fig. 9 shows the beam pattern of the
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antenna array without cal-com. Fig. 8 shows that the

linear and nonlinear imperfections

introduced the

constellation miss—alignment as well as the phase

rotation. The dotted line in Fig. 9 representing the

beam pattern of the system without cal-com shows

that the positions of the beams and nulls are formed

to the totally wrong directions.

To investigate the effect of the nonlinearity, we

attempted to calibrate and compensate with only a

linear term. Fig. 10 shows the constellations for
QPSK and 16-QAM signals and Fig. 11 shows the

beam pattern with the linear term only. Fig. 10

reveals that the linear term alone can not compensate

for the constellation blurring resulting from the

nonlinearity. Moreover, the dotted line in Fig. 11
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15k i 015 (L 015 i ) effectively calibrated and compensated by the linear
Feat term only, we add one third-order nonlinear term to
(b) 16-QAM compensate for the nonlinear effects. Fig. 12 shows
a8 12 3% ctatdlo) osf EXM1f HAE So| AT the constellations for QPSK and 16-QAM signals and
g5 Fig. 13 shows the beam pattern with cal-com

Fig. 12. Signal constellations after cal-com using a

third-order polynomial. usingthe linear term plus a third-order term. As Fig.

12 shows, the NMSE (normalized mean- squared

(329)
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error) of QPSK signals has improved from about -1
dB to about —40 dB, and that of 16QAM signals has
improved from -1 dB to about —40 dB. The dotted
line in Fig. 13 agrees well with the desired beam
pattern.

Finally, we check with the spectral re-growth
caused by the nonlinearity. Fig. 14 shows the power
spectral densities (PSDs) of the ideal system, and
those of the systems with and without the cal-com.
With cal-com, we can confirm that the spectral
re-growth 1s suppressed by about 20 dB, which
shows that the nonlinear effects are effectively

compensated by the added nonlinear term.

VI. Conclusion

We proposed a new scheme combining the path
calibration and the nonlinear HPA compensation in a
transmitting antenna array system. We utilized a
third-order the

compensation and indirect learning architecture for

polynomial for calibration and
the coefficient updates. We used one common training
block for the coefficient updates of all paths by using
switching blocks. The result of computer simulations
shows that beams and nulls can be formed to
thedesired directions even with the efficient HPA’s
operating near saturation region. The signal quality is
recovered as well with a correct constellation and
without spectral re-growth. From the results, we can
conclude that, with the addition of only one nonlinear
term in the calibration, we can not only calibrate the
linear imperfections of the antenna array paths but
also we can compensate for the HPA nonlinearities,
which leads to a linear efficient smart antenna

system.
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