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Abstract: The effect of array errors (amplitude-, phase- and time errors) on the ensemble average directivity of an
adaptive antenna array is studied using Monte-Carlo simulations. It is shown that the effect of the errors can be
reduced by introducing a so-called Butler matrix close to the radiating elements of the antenna.

1 Introduction

Adaptive antenna arrays is a means to improve the
performance of mobile communication systems by
decreasing the cochannel interference, resulting in an
increased spectral efficiency and an increased trunking
efficiency [2]. However, to achieve the desired
performance gain it is necessary that the entire signal
chain is properly calibrated, certainly during
production, and typically also during normal operation
In this paper Monte-Carlo simulations are used to
investigate the effect of calibration errors (amplitude-,
phase- and time errors) on the average azimuthal
directivity pattern of a steered beam antenna system.
The directivity is chosen as a suitable performance
measure since it does not require us to specify a
complex traffic model. Also, since time errors are
included in the present model, simulations are chosen as
the simplest tool of evaluation. The effect of amplitude-
and phase errors only can be described analytically as
shown in reference [1], but with time errors present the
analytical approach becomes more complicated.

To illustrate the effect of array errors three model
systems, A, B and C, are considered here (Figure 1).
System A is an ideal array without any errors. System B
isanon-ideal array with errors present, and finally,
system C is anon-ideal array with a Butler matrix
placed close to the radiating elements in the antenna. It
is assumed that the Butler matrix together with the
antenna elements forms a perfectly coherent subsystem.
The array errors are assumed to be independent, and
introduced in the feeder cables as shown in Figure 1.

The purpose of the Butler matrix in system C isto
reduce the effect of array errors. This is indeed the
result, and, as will be shown later in this report, in some
directions the presence of the Butler matrix will even
nullify the effect of array errors.
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The outline of this paper is as follows. In section 2
analytical expressions for the instantaneous, azimuthal
directivity (IAD) of the three model systemsin Figure 1
is derived. In section 3 these analytical expressions are
taken as a starting point for calculating a time and
ensemble average of the IAD using Monte-Carlo
simulations. Finally, in section 4 a short discussion and
asummary of the results are given.
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Figure 1. The three model systems considered in this
paper. (A): Ideal antenna array without errors, (B):
Non-ideal array with errors, and (C): Non-ideal array
with errors and with a Butler matrix “ B” close to the
radiating elements. In the figure f denotes the azimuth
angle, y(t) is the baseband signal, w is an adaptive
(complex) weight vector that is used to shape the
antenna pattern, and x(t) is the antenna excitation
vector. Parameters a , b and g represent the errorsin

amplitude, phase and time, respectively.
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2 Mode

2.1 Instantaneous directivity

The instantaneous, azimuthal directivity (IAD) for an
antenna array at time t is defined as

D(a.f,t)° 20F(a,f,1)/ P (a,1)
where F(q f ,t) is the radiated power per unit solid
anglein direction {q,f},and Prad (q,t) is the total
radiated power per radian in elevation angle q ,

2.1)

2p

Prad (qvt)o Q F(q,f vt)df (2.2)
The radiated power F can be written as
Fl.f.t)=[c@.f 1) (23)

where G isthe complex, antenna far-field pattern,
Gla.f t)= gea.f )oalaf ) (2.4)

and g, and g, arethe element- and the array-patterns,

respectively. The element-pattern itself is not of
particular interest here, and we simply assume that it
has a sinusoidal shape, and that it is directed in the
positive y-direction,

_iv2/psinff) O£f £p

g )= 25
g.(.f) N e (25)
The array-pattern can be written as

9. (0.f ,t)=s"x(t) (26)

where (>)H denotes the Hermit conjugate, x(t) isthe

L -dimensional antenna excitation vector, and < isa
short-hand notation for a steering vector in direction

faf}.
s" =[s 5,51 27)
s =s.(a.f)=expfi2pfs  (a.f )} 2.9)

Inegs. (2.7-8) (>)T denotes matrix transpose, L isthe
number of antenna elements, f isthe carrier
frequency, and t . is the time delay for a plane wave

traveling from antenna element number k , measured
relative to the origin,

telat)=ron(.f)re
where c is the speed of light, ﬁ(q,f) is the unit vector
in direction {q,f}, and r,. isthe position of antenna

(2.9)
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Figure 2. Co-ordinate system. Filled circles indicate the
antenna element positions.

element k.

Assuming that the antenna elements are located on the
x-axis with equal separation d (see Figure 2), the
position vector is given by

ry =[d(k- (L+1)/2),0,0] (2.10)

For system C in Figure 1 the antenna excitation vector
in eg. (2.6) can be written as
x(t)=BM (t)B"w (2.12)
where Bisthe L™ L Butler matrix, and M isatime-

dependent, diagonal, L~ L matrix that describes the
baseband signal, including the array errors,

1 i.2p L+1¢ee L+16U
By =——expji k- — Q- —-% (212
y \/Iexp%l R (212)
My (t) = ReGu (t) (2.13)
where P and G are two diagonal matrices,
Pe =(+a,)expfib, }Jdy (2.14)
Gy (t)=wylt -
kl() Y( gk)dk| (2.15)

=ad =y explij plh(t- mT, - g, )dy
Inegs. (2.14-15) a, istherelative amplitude error in
feeder cable number k, b, isthe phaseerror, g, is
the time delay insignal, d,; isthe delta-function, a is
an amplitude factor, T, isthe chip periodtime, j |, is

the phase in the 1-Q diagram for the chip at time
t=mT,, and h(t) istheimpulse-response for the

pulse-shaping filter.
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In the present work it is assumed that the pulse-shaping
filter is aroot-raised cosine filter. Then, for t =0,

h(t)=1+a t—p (2.16)
for | =1/4a ,
h(t)= \/—p 2 -2 cosg"i9+ (b +2)sin % (2.17)
and otherwise,
sin(p(1- a)t)+4atcosp(i+a)t)
hit (2.18)
0== pli- (@)

Note that in egs. (2.16-18) a isafilter design
parameter, not to be confused with the amplitude error
a, ineg. (2.14).

Assuming QPSK modulation, the phase angle j , ineq.
(2.15) can take values
I R LT (2.19)

€44 4 4§

The weight vector w ineq. (2.11) can be designed in
many ways to create a specific antenna pattern [3].
However, to keep things simple it is here assumed that it
is designed only to create a plane wave in a given target
direction {qo,f 0}, that is,

1 1
Wztsoo ES(QOyf o) (2.20)

where < isdefined by egs. (2.7-8).

The so-called array-factor for system (C) in Figure 1
can now be written as

|g.(.f,t)% =s"BM(E)B ww"BM " (t)B"s (2.21)

Setting the matrix B ineg. (2.21) equal to the identity
matrix we obtain the array factor for system (B),

2
lga(a,f,t)" =s"M(tww M (t)s
and finally, by setting the array errors equal to zero in
eg. (2.22), a, =b, =g, =0, we obtain the array
factor for the ideal antenna array, (A)in Figure 1,

(2.22)

lga(@.f ,t)” =s"ww"sy(t)y" (t) (2.23)

From eq. (2.23) one can see that for the ideal antenna
array both F and P,,4 on the right-hand side of eqg.
(2.2) will have the same time-dependence, and hence

the IAD will be time-independent. Thisis also true for
system B and C, as long as we only have amplitude and
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phase errors. However, with time errors present, the
IAD will in general be error-, data-, and time
dependent. That is, the IAD will depend on the specific
array errors that are present, it will depend on the
specific chip sequence that is being transmitted, and it
will also depend on the sampling time-position at the
receiver.

2.2 Averagedirectivity for a specific array

The time and data dependence in the directivity can be
removed if the directivity is calculated as an average
over agiven type of chip sequence distribution, and as a
time average over one chip period. In a spread-spectrum
communication system the chip sequence will be
pseudo-random, and one may therefore assume that the
phase angles j ,, are randomly picked from the allowed

valuesin eg. (2.19). The average directivity for a
specific antenna array with a specific set of array errors
is defined as

D(a.f)° E {D.f .t}

where E; denotes the expectation with respect to a

(2.24)

random chip sequence.

Since {D(q,f t)} is aperiodic function in time, with
aperiod time equal to the chip period T, thetime
average can be calculated as

E D61 0=6 € (Do 1 o

T /2

OT ' E (2.25)

2.3 Ensemble average directivity

The exact values of the array errors are in general
unknown, and in many cases they can only be treated in
a statistical fashion. From a practical point of view it is
therefore useful to define the directivity as an ensemble
average, that is, as an average calculated over a
hypothetical collection of antenna arrays. The array
errors are then described by their statistical
distributions. In the present work we assume that the
errors are independent, zero mean normal variables with
standard deviations s , , S, , and s 4 , respectively.

The ensemble average azimuthal directivity, D,is
defined as

D(,f)° Enog (D, )}

where E,p,, denotes the expectation with respect to the
array error distributions.

(2.26)
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3 Monte Carlo simulation results

In this section the ensemble average azimuthal
directivity D in €g. (2.26) is estimated using Monte-
Carlo simulations. The directivity is estimated for the
three model systems A, B and C in Figure 1, and for
three different directions of the main lobe in the antenna
pattern.

As an example we consider alinear array with L =4
antenna elements with equal separation d =1 /2,
where | isthe carrier wavelength. The intrinsic Butler
matrix beams in system C are directed at angles

a8 (L- 2k+1)6

f . = arcco k=12,...L
k X 20l L

(3.1)

that is, in this case at angles 41.4°, 75.5°, 104.5° and

138.6°. In figures 3, 4 and 5 the envelope of the Butler
meatrix beams is shown as the uppermost, dotted curve.

The pulse-shaping root-raised cosine filter h(t) is
described by aroll-on-roll-off factor a =0.22, and the
summation over index mon the right-hand side of eqg.
(2.15) istruncated at |m| = 3.

The magnitude of the array errors used in the simulation
is chosen to be fairly realistic, and the numerical values
are shown in Table 1 below.

The Monte-Carlo estimation of D is straightforward.
For a given target (main lobe) direction the weight
vector w isfirst calculated using eq. (2.20). For each
Monte-Carlo run n the matrix M (t) ineg. (2.13) is
then calculated for arandom chip sequence j |,
m=-3-2,...+3, for arandom set of normally
distributed array errors, and at arandomtime t picked
from a uniform distribution on the interval

[— T 12,+T./ 2] . The instantaneous directivity D, for
system B and system C is after that calculated using egs.
(2.21-22) and (2.1-4). The above procedure is repeated
N =1000 times, and the ensemble directivity is finally
estimated simply as

ing 1onN
D :Wanﬂ Dn (32)
Table 1. Standard deviations for the array errors.
Parameter Sa Sp Sg
[-] [degrees] | [seconds]
Value 0.25 15 0.1 XT,
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Figure 3. Main lobe directed at 90 degrees, between the
second and the third Butler matrix lobe.
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Figure 4. Main lobe directed at at 75.5 degrees, on top
of the second Butler matrix lobe.
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Figure 5. Main lobe directed at 60 degrees, between the
first and the second Butler matrix lobe.
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In figures 3-5 is shown the ensemble average
directivity, estimated using eg. (3.2), and with the
variance of the array errors given by Table 1.

In the first plot, Figure 3, the main lobe is directed
straight ahead at 90 degrees, in the middle between the
second and the third Butler matrix intrinsic lobe. In the
figure one can see that the reduction in the main lobe
level (MLL) is 0.55 dB for system B, and slightly less,
0.45 dB, for system C. However, the increase in the first
side-lobe level (SLL) for system B - roughly 2 dB - is
significantly higher than the corresponding value, for
system C, 0.85 dB.

In Figure 4 the difference between a system with and
without a Butler matrix is shown even more clearly. In
this figure the main lobe is directed at 75.5 degrees, on
top of the second intrinsic Butler matrix lobe. System C
here is effectively immune to the array errors, and
displays the same directivity pattern as the ideal array,
system A. System B on the other hand shows the same
behavior as in the previous figure, the MLL is decrea-
sed by 0.5 dB, and the first SLL isincreased by 1.8 dB.

Finally, in Figure 5 the main lobe is again placed in the
middle between two of the Butler matrix lobes, now at
60 degrees. The overall picture from Figure 3is
repeated for both systems. For system B the MLL is
decreased by 0.6 dB, and the first SLL isincreased by
1.6 dB. For system C the corresponding numbers are
0.5 dB for the MLL, and 0.4 dB for the first SLL.

Another way to illustrate the benefits of the Butler
meatrix in system C is shown in table 2, 3 and 4. In those
tables we compare the first SLL for system B and C
(both measured relative to the SLL for the ideal system)
for different magnitudes of the amplitude-, phase-, and
time errors. In each table one of the errorsis set equal to
zero, and the SLL is tabulated as a function of the
standard deviation of the two other errors.

The simulations are done in a worst-case situation for
system C, with the main lobe directed straight ahead, in
the middle between two of the intrinsic Butler lobes.

For the beam direction and the error magnitudes used in
table 2-4, the maximum difference in the MLL between
system B and C is quite small, around 0.1 dB, and the
MLL numbers are therefore not shown here.

As an example of how to read the tables, consider Table
4 on this page. For aphase error s |, =20 degreesand a

timeerror s , /T, =0.1, theincreaseinthe SLL is 2.0

dB for system B, and 0.5 dB for system C. That is, the
presence of the Butler matrix has reduced the SLL for
systemChy 2.0- 0.5=1.5dB.
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Table 2. Side-lobe level (SLL) increase in dB for
system B and C as a function of amplitude and phase
error magnitudes (no time errors present).

Phase error s, [degrees]
0 10 20 30
00 B 0.0 0.4 1.2 2.4
— ' C 0.0 0.0 0.1 0.4
e B | 02 0.4 1.3 2.4
%) 0.1
5 C 0.1 0.1 0.2 0.5
5 B 0.5 0.7 15 2.7
) 0.2
S C 0.3 0.3 0.4 0.7
5 B 1.0 1.3 2.0 31
€ |03
< C 0.6 0.7 0.7 1.0%

Table 3. SLL increasein dB for systemB and C asa
function of amplitude and time error (no phase errors).

Time error s¢/T¢ [-]
0.0 0.1 0.2 0.3
00 B 0.0 1.0 2.1 2.9
— ' C 0.0 0.3 0.7 1.1*
e B | 02 1.1 2.2 3.0
%) 0.1
5 C 0.1 0.3 0.8 1.2%
5 B 0.5 1.3 25 3.2
) 0.2
S C 0.3 0.6 1.0 1.1*
5 B 1.0 1.8 2.9 3.3
€ |03
< C 0.6 1.0 1.4 1.7%

Table4. SLL increasein dB for systemB and C asa
function of phase and time error (no amplitude errors).

Time error S¢/T¢ [-]
0.0 0.1 0.2 0.3
0 B 0.0 1.0 2.1 2.9
C 0.0 0.3 0.6 1.1*
= B 0.4 1.2 2.3 31
g | 10
= C 0.0 0.3 0.8 1.2%
@ B 1.2 2.0 2.8 35
5 | 20
= C 0.1 0.5 0.9* 1.3*
§ B 2.4 3.0 3.8 42
30
T C 0.4 08 | 12¢ | 19

(*) No distinct side-lobe peak found for C — stated
valueis system C directivity at system B peak position.
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4 Summary and conclusions

In this paper we have shown that it is possible to reduce
the effects of array excitation errors (amplitude, phase,
and time errors) by placing a Butler matrix close to the
radiating elements in an antenna array in a steered beam
system. In the system with Butler matrix we introduce
the errors in beam space, while they are introduced in
element space for the system without Butler matrix.

Changes in directivity in the main beam direction as
well as for the first sidelobe are studied in systems with
and without Butler matrix. Performance for the system
with a Butler matrix significantly depends on the main
beam direction (whether it is pointed in the direction of
a beam defined by the butler matrix or not) while the
system without Butler matrix does not show this
dependency.

When errors are introduced, the system with Butler
matrix shows the largest performance reduction when
the main beam is directed in between two intrinsic
beams. The gain in directivity in the main beam
direction for the system with Butler matrix is for this
case very low, on the order of 0.1 dB, compared to the
system without Butler matrix. For the side lobe level,
the gain using a Butler matrix is more significant, on the
order of 1-2 dB for the errors levels considered in this
study.

In the most favorable direction for the system with
Butler matrix, i.e., when the beam direction equals one
of the intrinsic beam directions, the performance gains
are significant for main beam directivity as well as for
side lobe level.

In conclusion, a steered beam adaptive antenna system
with a Butler matrix beamforming network offers
potential gains. These can be used either to improve
antenna pattern performance for a given error level, or
to reduce the coherency requirements for a given
pattern performance.
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