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Antenna Coupling Effects for Space-Time Radar
Waveforms: Analysis and Calibration

Galina Babur, Pascal J. Aubry, and Frangois Le Chevalier

Abstract—In this paper, we investigate the impact of mutual cou-
pling between the antenna array elements on the performance of a
multiple-input multiple-output (MIMO) radar with colored wave-
form transmission (collocated coherent MIMO system). Simula-
tion results confirm the decrease in system performance when an-
tenna mutual coupling is taken into account. A dedicated scan-de-
pendent calibration technique is proposed for elimination of the
coupling effect. The experiments with a real X-band antenna array
validate the coupling analysis and the calibration procedure pre-
sented in this paper.

Index Terms—Antenna coupling effects, coherent multiple-input
multiple-output (MIMO), signal processing, space-time wave-
forms.

I. INTRODUCTION

ULTIPLE-INPUT multiple-output (MIMO) radars en-

hance performance by transmitting and receiving coded
waveforms from multiple locations [1], [2]. Orthogonality of
the transmitted waveforms is a requirement for allowing sepa-
ration at the receiver. In addition, the use of signals with large
BT-product (e.g., coded signals) on transmit to achieve pulse
compression can be particularly effective in improving target
detection capability by radiation of a larger amount of average
radar power without exceeding peak power limitations within
the radar and by improving range resolution (larger bandwidth)
[3]. These techniques are indeed combined in Space-time coded
active antenna systems, where multiple codes are simultane-
ously transmitted through the different sub-arrays of an active
antenna [4].

The availability of wideband and multiple channels opens
the way to new beamforming techniques and waveforms, where
different colored signals are simultaneously transmitted for
coding space and time, and coherently processed in parallel on
receive [5]. The available design space encompasses spatial
location and sub-arrays, polarization, time, and frequency.
Although time and bandwidth constraints have to be taken into
account, the number of possibilities for modern MIMO radars
is vast [6].
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The principle of colored transmission, used in this study, con-
sists in simultaneously transmitting different waveforms in the
different directions, thus achieving space-time coding. This ap-
proach allows the beam-forming on transmit by means of signal
processing in the MIMO radar receiver. This technique provides
simultaneously wide angular coverage and angular resolution
on transmit. The concept of colored space-time waveform trans-
mission, first proposed and demonstrated by S. Drabowitch and
J. Dorey [7], [8], should now be considered as sufficiently ma-
ture to be implemented on operational systems.

For practical implementation of such colored transmissions,
special attention has to be given to the transmitting antenna
characteristics, and especially to the mutual coupling between
the antenna elements. Some recent publications investigate
transmitter-induced distortions presented in the radiated signals
[9], [10]. However, they are not specifically focused on the
coupling on transmit. This mutual coupling indeed influences
the performance in general, since in presence of mutual cou-
pling, a specific code will then be transmitted not only through
the associated antenna, but also through the other coupled
antennas: obviously, the structure of the space-time coding is
then partly affected by this coupling, with consequences which
have to be analyzed — and hopefully mitigated.

Mutual coupling is a common problem in the applications
of antenna arrays. It is a topic of continuous interest to the re-
searchers and application engineers in the field. The coupling
is present in all antenna arrays to some degree and can signif-
icantly affect their operation [11]. Investigation of the mutual
coupling presented in the antenna array and development of the
techniques for its compensation [e.g., 12—16 and many others].
The different effects of antenna mutual coupling on the perfor-
mance of MIMO systems has been investigated [17]-[19]. How-
ever, most of the existing research on this topic does not analyze
the coupling effects on transmit, which are affecting the radiated
angular-dependent MIMO signal, consisting of a number of dif-
ferent simultaneously radiated waveforms. The coupling effects
contribute to all these waveforms, corrupting the sum signal.

Notwithstanding, a MIMO radar with the space-time wave-
form transmission operates at a new level of complexity. It al-
lows the transmission of the sounding signals in a wide an-
gular angle, and, at the same time, to perform the beamforming
on transmit in one (or each) of the receiving channels. It can
be used for an effective monitoring of any number of beams
formed on transmit by means of signal processing on receive
[4], [5], [20], [21]. Therefore a deeper understanding of the an-
tenna coupling effects on the ambiguity functions of the radi-
ated signals is required to assess the potential performance of
colored radars in actual practice. So, in this paper we consider
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only the beamforming on transmit, taking into account that the
beamforming on transmit and on receive are independent op-
erations which can be considered and performed separately. In
addition, the beamforming on receive can be implemented af-
terwards, yielding in this way the benefits from the use of both
techniques.

With regard to the presented work, we assume the MIMO pro-
cessor applies matched filtering to the whole transmitted signal,
which is a summation in space of the orthogonal signals trans-
mitted simultaneously through different antennas. One antenna
is supposed to radiate one orthogonal signal. However, due to
the mutual coupling effects, one antenna can, in principle, ra-
diate all the signals. So, the antenna coupling effects are present
to a varying degree in the compound transmitted signal and in-
fluence the beamforming performance in the receiver.

The paper analyzes the coupling effects, and proposes an ad-
equate calibration procedure; it is organized into the following
sections. Section II gives an overview of the problem due to
the coupling between the transmitting array elements in the
case when the colored signals are simultaneously transmitted
for coding space and time. In Section III the coupling effects
on the beamforming on transmit are analyzed for the ideally
orthogonal signals as well as for three typical space-time codes:
M-sequences, Quadratic and Cubic Alltop codes. Section IV
gives a practical way to overcome the degradation due to cou-
pling effects — a calibration technique for the beamforming on
transmit, to be implemented in the radar signal processing. The
coupling effects demonstration on real data and the validation
of the calibration on transmit are presented in the experimental
part, Section V, before the concluding Section V1.

II. COUPLING EFFECTS

Without mutual coupling between the elements, the global
output s, of a linear antenna array in the angular (e.g., eleva-
tion) direction ) in the absence of noise can be written as

Z\T
$0(8,60) = 3 Pulbo) - an - & FOIT m ) (1)

n=1

where N is a number of channels on transmit; a,, is the weight
amplitude applied at the nth radiating element having the em-
bedded pattern P, (6y), k is a wave-vector, and 7 (%) is the po-
sition vector of the nth radiating element. The amplitudes a.,
are assumed to be equal to one and will be omitted further.
The transmitted waveforms s™(¢) are assumed to be orthog-
onal,! so that they can be separated from one another, on each
receiving channel of a MIMO radar system. It should be empha-
sized that the transmitted waveforms are still bursts of periodic
coded pulses, since it is a necessary condition for an efficient
cancellation of long range clutter. Anyway, in this paper, we
deal only with the one pulse situation, assuming that there is no
Doppler effect during the duration of one pulse.

Let’s emphasize that the term “orthogonal” is here (and in most of the lit-
erature on MIMO radar) used in a very extended way: it actually means that
the transmitted signals are orthogonal (or nearly orthogonal) for every possible
relative time difference between them. This condition is necessary for the sig-
nals received from different targets or from clutter to be separated after beam-
forming.
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Because of the linearity in Maxwell’s equations, the coupling
between the array elements is modeled as a linear system via the
mutual coupling matrix [22]. The (N x 1) MIMO system is then
simulated with the NV x N coupling matrix on transmit

1 P12 PN
. 1 ~
Ryp= |7 PN @
pN1 PNz --- 1

which is a complex symmetrical matrix, because for the cou-
pling coefficients p;; = pji, and |[p1n]| < 1. The coupling
of each element with itself is considered to be equal to one —
The amplitude and phase errors due to the passing of the signals
through the RF part of the MIMO transmitter could be included
in the main diagonal elements of R .

The receive antenna is here assumed to be an individual (un-
specified) antenna (this study is focused on the transmitting
array).

When mutual coupling is present, the signal transmitted
by the nth antenna element in the angular direction 6y,
n € [1...N], can be written as a summation

N
sip(t,6p) = Pa(bo) - Z Ry (n,m) - (e’"kwﬂ)i(n) . s'"’(t))

m=1
3)
where wm is the index of the transmitted waveform,
m € [1...N].
Alternatively, due to the coupling, the mth transmitted wave-
form can be presented as if it were radiated by the whole antenna

array

N
st o) = s™(t) - Z P.(60) - Ry (n,m) - e k0 7n)

n=1
“)
The global signal transmitted in free space by the linear array
with the presence of coupling is
N

sr(t,fo) = Y s(t, bo) 5)

n=1
or

N

N
sT(t,8p) = Z P, (6p) Z Ry (n, m) - ef ¥ Zr) _gm(py,

n=1
(6)
The signal (6) scattered by a point target located in the 6y an-
gular direction and processed in one receiver channel r having
the embedded pattern of the receiving antenna P, () is the fol-
lowing:

m=1

S%(t, 90) = P,;(tgo) . e—j'k‘<9())-l_‘(l‘> . (A . 6’”5) . ST(t — 70, 90)

(N
where A and ¢ are the amplitude and phase of the complex
scattering coefficient of an observed target, A=A e P To
is a time delay defined by the travelling distance of the signal.
We assume that within one sounding pulse the effects of the
observed object motion (Doppler) don’t show up. Otherwise the
Doppler frequency shift should be added in (7).
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Fig. 1. MIMO transmission.

The beamforming on transmit is performed (on the received
signals) by the pulse compression filter, matched with the ideal
transmitted signals [see (1)]

(80 = [G-ne) Chesa®

where 6 is the implicit position of the target and the superscript
*’ means complex conjugation.
Equation (8) in the extended form can be written as

Ry, (7, 0') = Pr(8o) - A* . i R(B0)T(r)

-/soT(t—T, 0) - (s7(t — 70,00))"dt (9)

where 8’ is a hypothesis about the direction of arrival, which
covers the angular domain [friy - - - Grax]-

Ambiguity function analysis implies taking the absolute
value from the matched filter output. So, we can omit the
constant phase term e =7 #{60) (") characteristic for the rth re-
ceiving channel. Since our study is focused on the transmitting
array, and the calibration of antenna arrays on transmit and
on receive are two separate procedures, which, in principle,
are independent, we can also omit the pattern of the receiving
element P.(fy) as long as it remains the same for all the
components within s7(t — 79,6p) in (7). Changing also the
time variables t' = (t — 1), 7" = (79 — T), we receive

Roy (7. 0') = / sp(t + 7,07 - (s7(¥,60)) dt’ (10)

and in the extended form

N
RQD(T/,Q/) — / (Z ej.k(e')i(n') . Sn'(t/ + 7_/))

n'=1

N N
(Z Pa(60) 3 R (n, m) - 3 REIT) g

(t’)) dt’ (11)
n=1 m=1

where, as we remember, the indexes n and n’ denote the an-
tenna elements on transmit (for the transmitted signal and for its
replica, respectively), while m is the index number for the or-
thogonal transmitted signals. The replica of the radiated signals
does not contain the antenna patterns. The replicas of the gen-
erated signals are recorded in the radar transmitter. In turn, the
phase term containing the wave-vector and the position vector
are added by means of the signal processing.

Considering the fact that Ry(n, m) = 1 if n = m, (6) can
be represented as

sT(t) = s7(t) + 57 (1) (12)
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where
N N o
$7() = Pulf) Y Ry (n,m) - el F0) T gmg),
n=1 m¥#£n

Respectively, (11) can split into two parts
Ry (', 6)

where Ry (7'.6') is the ideal compressed signal without cou-
pling between antenna elements

R ZPn ()U

n=1

R90 (T/7 91) = Rgo (T/a 6/) + (13)

N

S

n'=1
/ st + 1) - (s"'(t’))*dt’. (14)

The mathematical expression of the multiparameter signal
RY (7,8') shows its dependency on the transmitted waveforms
s™(t), which, in principle, should be mutually orthogonal. The
ambiguity function |R20 (7,8 |2 is thus a 3-D function,
giving for each aiming direction f; the delay-angle ambiguity.
Rgo (1/,6") being a 3-parameters function, it cannot be visual-
ized easily: a preferred way is to look at the angle-angle cut,
for 7 = 0, and at the range- angle ambiguity, for a specific dy:

|R0 0, sin 9)| = D%(9,6y), is the angular transmit dia-
gram (at the exact range of the target, 7/ = 7)), as a func-
tion of the angular aiming position §; .

. |R20 ({c-1)/2,6) 2, where 6 is constant, is the range-
angle ambiguity function, for the considered aiming direc-
tion — Ideally, this range angle ambiguity function should
also be analyzed for each possible aiming direction .

Figs. 2-4 present these cuts of R (7', #') and demonstrate,
as examples, the potential of implementation of three different
waveform types: M-sequences, quadratic Alltop sequences and
cubic Alltop sequences with BT-product 255 which was chosen
relatively small for better visibility of the presented figures. The
angle-angle cut for 7/ = 7¢, that is 7 = 0, and the range-angle
cut for g = 0 are presented for the case N = 8.

For analysis of the coupling effects for space-time radar
waveforms, we should analyze the error signal, which for the
implicit aiming direction #y can be derived from (11) and (14)
as

e!(/e)

N
_ / (Z I RO T | o’ (t + T/>>

n'=1

(%(8")-Z(n)—k(80) F(n"))

*

ZP (o) Z Ry (n,m) . e k(80) T(n) st | dt
m#n
(15)
,g;(r’, o)
= Z P, 90 Z Z k(G YyaE(n')—k(8)- =L(n))
n=1 n'=1mz#n’
‘Rr (n,m) - / 5" (47 (s™ () dt . (16)
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M-sequence, t© = 1y

/,

Fig. 2. M-sequences:

Quadratic Alltop, © = 7
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M-sequence, 8 = 0°

Range (km)

angle-angle and range-angle cut (in dB, normalized) of the ambiguity function, no coupling.
g g ge-ang guity pling

150

Range (km)

sin(e")

Fig. 3. Eight quadratic Alltop sequences: angle-angle and range-angle cut (in dB, normalized) of the ambiguity function, no coupling.

Taking into account that the normalized self-coupling (m =
n') integral between the orthogonal waveforms is equal to /
and the normalized cross-coupling integral (m # n') in case of
(almost) orthogonal waveforms with large BT-products is equal
to 0 for 7’ = 0 [23], that is 7 = 79, (16) can be simplified:

om0 (0")
N N o _ _ _
- N. Z P,n(eo) Z ej.(k(e )y z(n )—k‘(e()).w(n)) B R; (n,"l/).
n=1 n'#n

an

As previously stated, the radar waveforms s™(t) occupying
the same time interval and the same bandwidth can not be com-
pletely orthogonal, that is (17) is an approximation of the error
signal for the case of the ideally orthogonal waveforms. Dif-
ferent examples with ideal waveforms as well as with real wave-
forms are given in the following.

III. COUPLING EFFECTS ANALYSIS

To analyze the coupling effect on 127 (7', ¢), the coupling
matrix (2) should be specified. Initially we assume that the cou-

pling between the adjacent elements is equal to p and 0 be-
tween the farther elements of the array. The coupling matrix on
transmit becomes

0

P
1

Ry (18)

p
0

o

0 p

Then the error signal (17) can be rewritten as follows:

er
80,70

(#")

=N-p- ZP”(GO) Z o7 (RO F(r) =k (80) ("))
n=2 n'=(n—1)

N-1) B _

Z Po(80) Z ej<(k:(G/)w_,(n)7k(HO)<E(n/))

n'=(n+1)

(
+
n=1

19)
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Cubic Alltop, = =1 Cubic Alitop, 8y = 0°

_sin(@®)
Range (km)

Il

= 05 i 05 1
sin(&p)

Fig. 4. Eight cubic Alltop sequences: angle-angle and range-angle cut (in dB, normalized) of the ambiguity function, no coupling.

p=01

sin(g")
sin(g")

0

sin(s;) sin(sy)
Max =-15.1dB Max =-9.1dB
(a) (b)

Fig. 5. Angle-angle error signal in case of the ideally orthogonal waveforms (in dB, normalized) and the simplified coupling matrix approximation for (a) p = 0.1
and (b) p = 0.2. (a) Max = —15.1 dB. (b) Max = —9.1 dB.

Then we represent the position vector of the (n + 1)th radi- The second and the third terms complete the equation and cor-
ating element with respect to the position of the nth element as  respond to the edge, / and NV, antenna elements
Z (n)+Az, and for the (n—1)th radiating element as Z (n)— Az,
where Az is the distance between two adjacent elements of the

uniform linear array. The error signal becomes b0 o 0 =N-p

— N-1 L — =
2. ¢cos (k(@o) . Am) . Z P’n(gﬂ) . ej--’L‘(’TL)-(k(Q )—k(@(]))
n=2
et (R(B)-A) - Pn(60) - eI FN)- (k8" ~k(60))
e i (BO0)22) | p gy . o3 T (RO)-R(E0))

N
=N Q- <8j'(ﬁ(90>'Am) . Z Pn(g(]) . ej-i(n)-(?(é’)—%(%))

n=2 (21)
_ (1) o
te i (FO0)Ax) Z P,(6) - ej'i(”’>'(’“(9/)k(90))> Based on the first term of the sum (21), the following conclu-
=1 sions can be made for the approximation (18):
(20) * the error signal is proportional to the parameter p;

* the factor cos (E(F)o) . Am) results in the amplitude devia-

and for considered example can be presented as a three terms tion along the line 6’ = f;
summation. The first term describes the main contribution of the « the factor cos (E(F)o) . Am) is maximal for 8y = 0. So, the

coupling in the compressed signal for the considered example. maximal error value is expected in the #y = 0 direction.
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p=01
1
08 '
06

0.4

| 9

sin(g"

04

06

08

-1
-1 0. 0

sin(eu)
Max =-9.3dB
(a)
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p=02

sin(eo)
Max =-3.2dB
(b)

Fig. 6. Angle-angle error signal in case of the ideally orthogonal waveforms (in dB, normalized) and the full coupling matrix approximation for (a) p = 0.1 and

(b) p = 0.2. (a) Max = —9.3 dB. (b) Max = —3.2 dB.

p =0.1, N=8

1
08 '
06 ‘
0.4
04 -
06
08 ‘
4 05 0 05 1

sin(en)
Max =-9.3dB
(a)

0

sin(g")

Fig. 7. Angle-angle error signal in case of the ideally orthogonal waveforms (in dB, normalized) for (a) N =

(b)Max = —6.4 dB.

* the phase of the coupling coefficient does not influence the
amplitude of the error value because p is a common factor
in (21).
For large linear arrays when N >> 1 the contribution of the
edge elements can be omitted and
o (0 =2 N p-cos (k(fy) - Ax) -

B0,70
N-1 B 3
} Z P.(60) . odEn)-(R(8") ~k(80)) _
n=2
=2-N-p-cos(k(fy) - Ax)-D(60,0") (22)

where due to the coupling effects the error is proportional to the
diagram D" (fy,6") = Z::; P, () . o3 (1) (K(8")~k{60))
created with the shortened aperture by [2, ..., N — 1] elements.
In case of a regular array, with A/2 spacing between elements,
the error is proportional to cos(w sin fy), maximal for 6y = 0,

and null for g = 7/3.

p=0.1, N=16

sin(g"

“H 05 0 05 1
sm(eu)
Max =-6.4dB
(b)

8 and (b) N = 16. (a) Max = —9.3 dB.

The coupling matrix (18) has been modeled and the error
signal for different values of p has been calculated. Fig. 5
presents the error signal |R§.(’)‘(T’ N |2 normalized with regard
to the maximal value of the useful signal for the case N = 8.
The waveforms s™(#) have been assumed to be ideally orthog-
onal. The error signal for each specific direction g presents
the parasitic pattern superimposed on the beam formed due
to the colored space-time waveform transmission. Obviously,
the error is larger with a stronger coupling between the array
elements. We see also that the value of the error signal doesn’t
change with the phase change of the coupling parameter for the
considered example.

As we see from (2), the coupling in antenna arrays is not
limited to the coupling between the adjacent elements, but it
weakens with increasing distance between the corresponding el-
ements. It is possible to exploit certain properties of the coupling
for reducing the computational complexity of (2) [24]. One such
property is the inverse dependence of coupling coefficients on
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p = 0.1, Ideal signals

1 '
0.8

06

0.4

0.2
0

sin{g")

02
0.4
0.6
08

J

0
sm(@D)
Max =-9.3dB
(a)
p=0.1, Quadratic Alltop

sin{g")

0
sin(eD)
Max =-10.8dB
(©

Fig. 8. Angle-angle error signal (in dB, normalized) for (a) ideally orthogonal
(a) Max = —9.3 dB. (b) Max = —9.2 dB. (¢c) Max = —10.8 dB. (d) Max

the distance between the array elements [25]. Using this prop-
erty in combination with the parameter p (the coupling between
the adjacent elements), the full coupling matrix can be approx-
imated as follows:

1 p 5 (N[i D
P 1 »p
Rr=1| § o 1 p § (23)
: p 1 p
~N-1) 5 1

The approximation 23 can represent the worst case, when the
phases of the coupling coefficients between the elements remain
the same and contribute to the error signal in phase.

The modeling results for the error signal in the case of such
a full coupling matrix, when all antenna elements contribute to
the errors on the beamforming on transmit and the amplitude of
the coupling decays rather slow with the distance increase, are
presented in Fig. 6. The normalized error signal have been cal-
culated for the coupling parameter p = {0.1,0.2} and N = 8,
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p=0.1, M-Sequence

)
=
[
sm(eD)
Max =-9.2dB
(b)
p=0.1, Cubic Alltop
T
=
w

V|

05 1

]
sm(eo)
Max =-9.3dB
(d

signals, (b) M-sequences, (c¢) quadratic, and (d) cubic Alltop sequences, p = 0.1.
dB.

the waveforms are still considered as ideally orthogonal. The
comparison of Figs. 5 and 6 shows that relatively strong influ-
ence of other elements, not only adjacent, increases the error
value and focuses more the error signal around the zero angular
direction. . When the coupling is relatively large (for example,
Fig. 6(b)), the error value (—3.2 dB) becomes comparable with
the useful signal (the normalized maximum of the ambiguity
function is equal to 0 dB).

In case of the array size change, the maximal value and gen-
eral behavior of the error signals remain the same. The change
of the error signal ‘Rgg(r’ N )‘2 for the specific beam-formed
directions ¢y (narrowing for a bigger V) is defined by the para-
sitic antenna pattern due to the coupling, which was introduced
in the previous paragraph, see Fig. 7.

Figs. 5-7 demonstrate the global effect of the coupling on the
beamforming for the colored waveform transmission. However,
real signals having overlapping bandwidths and occupying the
same time interval can not be completely orthogonal for all
relative time delays. The angle-angle error for different types
of sounding signals is shown in Fig. 8. The presented results
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Error M sequence, p=0.1, 6y = 0° Error M sequence, p=0.1, 6y = 30°

Range (km)
Range (km)

A 05 0 05 1 H 05 0 05 1
sin(8") sin(e")
Max =-9.2dB Max =-27.8dB
(@) (b)

Error Quadratic Alltop, p=0.1, eo =0° Error Quadratic Alltop, p=0.1, eo = 30°

Range (km)
Range (km)

s 05 0 05 1 ) - 05 0 05 1
sin(8") sin(g")
Max =-9.4dB Max =-23.8dB
© (d
Error Cubic Alltop, p=0.1, By = 0° Error Cubic Alltop, p=0.1, 6, = 30°

Range (km)
Range (km)

sin(8") ' sin(e")
Max =-9.3dB Max =-14dB
(e) ()
Fig. 9. Angle-range error signal (in dB, normalized) for different waveforms for the aiming directions . o = {0°,30°}. (a) Max = —9.2 dB. (b) Max =

—27.8 dB. (¢c) Max = —9.4 dB. (d) Max = —23.8 dB. (¢) Max = —9.3 dB. (f) Max = —14 dB.

demonstrate a good agreement between the idealization of the other, and, therefore greater proximity to the ideally orthogonal
signals’ orthogonality [Fig. 8(a)] and the real signals’ contri- signals.

bution [Fig. 8(b)—(d)]. Normally the waveforms with larger For the considered example M-sequences demonstrate the
BT-products provide higher orthogonality with regard to each ~ widening effect and higher error for the main beam in 6y =
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Measured Coupling for First Element

T

IS

21|

Coupling Magnitude (dB)

Freq uency (G Hz)

Fig. 10. Coupling measurements.

0° direction. Conversely, the cubic Alltop sequences provide
an error signal equivalent to the ideally orthogonal signals. The
sidelobes in the error signal for the real signals, Fig. 8(b)—(d),
remain at the same level as for the ideally orthogonal signals.

Since the multiparameter signal Ry, (77, 6") is affected by the
coupling influence, it would be interesting to look at the range-
angle cuts along some implicit positions g of the target. The
ideally orthogonal waveforms are not of interest here, because
they do not give rise to any sidelobes in range.

Fig. 9 shows the range-angle cut of the error signal
|Rg§( s )| (indB) at 7 = 0 for g = 0° and 6y = 30°
for p = 0.1 in case of space-time coding for the same codes
considered before: M-sequences, quadratic Alltop and cubic
Alltop sequences. For all the considered signals the influence
of the array factor is visible along the angular direction at all
ranges. At the same time, the sidelobes for cubic Alltop signals
form the inclined edge corresponding to a coupling between
range and angle. The error value is rather large for #, = 0° and
comparable with the sidelobe level of the ambiguity functions,
see Figs. 2—4. It means that the error due to a strong target can
mask the signal from a weal target and, therefore the calibration
on transmit is desired for mitigating this error. The error signal
at #p = 30° is much lower than the sidelobe level of the ambi-
guity functions, and the error influence might be neglected.

IV. CALIBRATION TECHNIQUE

The idea of calibration technique on transmit is based on the
fact that the coupling effects presented in the radiated group
signal (6) can be compensated, if amplitudes of the transmitted
signals’ replica used for matched filtering in one receiving
channel are changed appropriately. So, the modified replica
of the transmitted signal (1) for compensation of the coupling
effect can be presented as

N

AL

n=1

t 90 an +AL) e]‘.E(HO)E(n) . Sn(t)

(24)
where A¢ are the complex amplitudes of the correcting signals.
Normally, the amplitudes a,, are considered as equal to one. So,

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 62, NO. 5, MAY 2014

the correcting signal imposed on the transmitted signal replica
in a receiver channel for the coupling effect calibration can be
written as:

N
(t,6) = Z AS

With correction of the coupling effects, the compressed signal
(13) splits into three components

Ry, (7', 0') + Ry (7', 0) +

where the first component Rf (7, 6') is the signal without the
coupling influence, and third component Ry (/,6’) should
compensate the second, error component:

g(] (T,7 8/) =

G FO)T) gn(py(25)

Ry, (7',60") = Rg (7',8") (26)

6o (7, 07). 27

The example in the previous Section has shown that the error
signal due to the coupling effects is approximated pretty well
with the coupling between the adjacent antenna elements (see
(19), without taking into account the full coupling matrix (see
(2) and (18)). However, for calibration of real arrays we should
take into account real (measured) coupling p; ; between the ad-
jacent array elements, i — j| = 1,4, € [1...N]. Thus, the
following approximation of the coupling matrix is used for the
calibration; the correcting signals are applied on the useful sig-
nals corresponding to the main diagonal:

Rr
[ (1 —Ai) P12 0 F. 0 i
P21 (1-A3) P23 :
= 0 P32 (1—,43) 0
: . . P(N-1)N
L 0 e 0 pNv-1y  (1=A%) ]

(28)

According to (28), the error signal, which was written as (17)
in the case for the ideally orthogonal signals, becomes

er ((9/)

i-(k(60)-Ax) ZP (o) - Pt i E(n)(k(9")—k(8y))

60,70
n=2

v l
N-1

+ e*i'(z(ﬁo)'Aw) an(g[)) Dnnal)” ej'a«_’(n)(z(é’)fz(ﬁo))

n=1
(29)
or
.m0 (0)
N-1
=N- [ Z P,(fo) - (/’n(n " (k(eo) Az)
n=2
+pn(n+1)€—j'(z(90)'A€U)) . e.i-:L_‘(n)(E(e’)._E(gU))

+ Py(6o) - piz2 - o3 (k(6o)-ax) 57 (1)(R(8')—k(60))
+ Pn(Bo) - prn-1) - € i(k(80)-Aa) | e.i-zm(E<e’>-—%<eu))].
(30)
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Fig. 11. Angle-angle error [Rg" (7' = 0,8')|? for eight ideally orthogonal signals for the real antenna coupling and for real patterns of the array elements at

(a) 8.5 GHz; (b) 9.5 GHz; (c) 10.5 GHz; (d) 11.5 GHz.

From whence the amplitudes of the correcting signal amplitudes
are derived as

C

n,6y
—p1a - Pa(Bo) - e T (FO0IAT) py q
Prin-1) " Pn-1(60) - ej'(’“(”‘))ﬁ’*’) )
N Pttty - Pagr(B0) - e~ (FO02)
n=2,...,N—1;
—px(x—1) * Pr1(8) - o/ (FO82) oy = (N — 1),
(€2

The obtained equation takes into account the coupling be-
tween the radiating elements of the array, as well as . the ra-
diation pattern of each antenna element, P, (#y). Equation (31)
shows that due to the coupling the nth waveform is radiated with
the coefficient p,,(,, 1) via the (n — 1)th element and with the

coefficient p,,(,41) via the (n + 1)th element, which have the
radiated patterns P,,_1(fq) and P,,;1(fp), correspondingly.

The coupling effects and, therefore, the calibration technique
described by the coefficients in (31) are not range dependent.
Hence, the developed calibration technique is supposed to be
efficient for observation of point, as well as distributed radar
objects.

V. EXPERIMENT

The coupling between the eight elements of a suitable X-band
antenna array was measured using a vector network analyzer.
The antenna is an array of 32 by 4 X-band patches. The radi-
ation patterns and the coupling of 8 elements have been mea-
sured in the operating configuration. In this way, the measured
patterns are taking into account the coupling effects. The se-
lected line of 8 elements is performing as a linear equidistant
array. The remaining elements are terminated by 50 €2 loads,
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M-Sequence - Error before calibration, f, = 8.5 GHz
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M-Sequence - Error after calibration, f, = 8.5 GHz
1

08

06

0.4

02

0

sin(g")

02

04

06

0
sin{gp)
(b)
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Cubic Alltop - Error after calibration, f; = 8.5 GHz
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Fig. 12. Angle-angle error |R§(’; (7' = 0,8))? and for the real signals: M-sequences, cubic and quadratic Alltop sequences at 8.5 GHz and for the real antenna

array before and after calibration.

since the antenna used in the experiment has been designed for
50 §2 impedance matching.

According to the antenna’s specification, it can operate be-
tween 8 and 12 GHz. The antenna plate was mounted on the

positioning column inside the anechoic chamber. Each of the 8
tested elements was connected to a port of the multiport switch.
The network analyzer was set to sweep from 8 to 12 GHz with
401 points. 28 full 2 port calibrations for reflection/coupling
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Fig. 13. Range-angle error signal |R§,t’]':0o
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M-Sequence - Error before calibration
fo = 8.5 GHz, 6, = 30°
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(b) Max=-21.1dB
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(77.8"))? for M-sequences at 8.5 GHz: (a) before calibration at o = 0°; (b) before calibration at 85 = 30°; (c) after

calibration at #, = 0°; (d) after calibration at 8, = 0° and 7 = 7. (a) Max = —14.2 dB. (b) Max = —21.1 dB. (¢) Max = —24.7 dB.

measurements have been done. Due to the calibration, the mea-
sured coupling matrix is normalized. As an example, the mea-
surement results for the first elements are shown in Fig. 10 as
a function of frequency. Within the operating frequency band
of the antenna (8.5 — 11.5 GHz) the coupling between the ele-
ments is maximal for 8.5-8.7 GHz and it is decreasing with the
frequency increase, in average 2—4 dB per 1 GHz.

The measured coupling has been used for the analysis of
the coupling effects on the compressed signal, provided by
(15)—(17).

Fig. 11 demonstrates the angle-angle error for the
beam-forming on transmit for the measured X-band antenna
array, when the measured coupling and embedded elements
patterns at {8.5, 9.5, 10.5, 11.5} GHz (see the example of the
coupling as a function of frequency for one antenna element
in Fig. 10) have been taken into account. The waveforms were
assumed for the calculations to be ideally orthogonal to analyze
only the coupling influence, without the interference of the
signals due to the cross-correlation, which can vary with the
waveform type. It can be seen that even under this assumption

the beamforming on transmit is affected by the error, which
is quite different for different operational frequencies of the
array. So, when the sounding signals are supposed to be ideally
orthogonal, the maximal error focused on the central lobe
along the main diagonal, where the observed direction is equal
to the beam-formed direction, 8/ = #y, can be estimated as
{-15,-17,-21,—-23} dB, see Fig. 11(a)-(d), correspond-
ingly. We can clearly see that the decrease of the coupling
between the elements with the frequency increase results in the
decrease of the error value present in the analyzed ambiguity
function. Apparently, we can also see that for the operating
frequency 8.5 GHz the maximal error is present at the observed
angles close to 90° (sin(¢’) = 1). This is due to the fact that
the antenna array has not been designed for operation in such
a large angular sector. Anyhow, the considered array is never
used for beamforming in the angular directions close to 90° or
—90°. So, the analysis of the errors close to these angles is not
significant.

Logically, if the error level is much smaller than the maximal
sidelobe level for the ambiguity functions, namely, its angle-
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fo = 8.5 GHz, 6, = 0°

Range (km)

i 05 0 05 1
(a) Max=-14.2dB

Quadratic Alltop - Error after calibration
fo = 8.5 GHz, 8, = 0°

Range (km)

e 05 0 s 1
(¢) Max=-24.7dB

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 62, NO. 5, MAY 2014

Quadratic Alitop - Error before calibration
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Fig. 14. Range-angle error signal |R;gj0O (7'.8")|* for Quadratic Alltop sequences at 8.5 GHz: (a) before calibration at #3 = 0°; (b) before calibration at

B0 = 30°; (c) after calibration at 8, = 0°; (d) after calibration at 8, = 0° and 7

angle cuts (see, for example, the angle-angle cuts in Figs. 2—4) at
a certain operation frequency, there might be no need for an error
compensation at that frequency. For the demonstration of the
calibration technique proposed in the previous Section the worst
case among the considered ones has been chosen. The coupling
between the array elements at 8.5 GHz gives the maximal error
in the ambiguity function representing the possibilities of the
array for beam-forming on transmit, and has to be compensated
first.

Fig. 12 shows the efficiency of the calibration on transmit
on the angle-angle plane for three typical space-time codes:
M-sequences, quadratic and cubic Alltop sequences. Analysis
of the results shows that the performances of the calibration on
transmit for the different codes is quite efficient (~ 10 dB im-
provement) and roughly equivalent for the different codes.

Figs. 13—15 present the range-angle cuts of the error signal
for M-sequences, quadratic and cubic Alltop sequences, conse-
quently, for two implicit positions of the target, §; = {0°,30°}.
The error value is rather large for 8, = 0° [Figs. 13(a)-15(a)]
and comparable with the sidelobe level of the ambiguity

= 7. (a) Max = —14.2 dB. (b) Max = —21.1 dB. (¢c) Max = —24.7 dB.

functions, see Figs. 2—4. In contrast, the error value is rather
small and there is no need for calibration on transmit for the
implicit target’s position #y = 30°, Figs. 13(b)-15(b). In
turn, the calibration performed on the zero angular direction,
Figs. 13(c)-15(c), demonstrate ~ 10 dB improvement, what
can be clearly seen on the fixed range (time) parameter 7 = 7y,
Figs. 13(d)-15(d).

VI. CONCLUSION

This paper presents a detailed analysis of antenna coupling
effects on the beamforming on transmit implemented by means
of signal processing in the MIMO radar receiver. The error due
to these effects is illustrated first under assumption of ideally
orthogonal codes and then on three typical space-time codes:
M-sequences, Quadratic and Cubic Alltop codes.

A calibration technique for the beamforming on transmit (to
be implemented on each receiver channel) is presented in this
paper. The calibration can be performed depending on the im-
plicit position of the target, where the error level is considered as
high. The experiments with the real codes and the real X-band
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Fig. 15. Range-angle error signal | R 6000 (7',8")|? for Qubic Alltop sequences at 8.5 GHz: (a) before calibration atég = 0°; (b) before calibration at g = 30°;
(c) after calibration at 8, = 0°; (d) after calibration at &, = 0° and 7 = 7. (a) Max = —14.2 dB. (b) Max = —21.1 dB. (¢c) Max = —24.7 dB.

antenna array have validated the coupling analysis and the effi-
ciency of the calibration technique presented in the paper.
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une approche nouvelle du radar de surveillance aerienne,” L’Onde
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