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Abstract A technique for adaptively controlling the loaded

reactances on the passive radiators, thus forming both

beam and nulls is presented, for the first time, for the

electronically steerable passive array radiator (ESPAR)

antenna. Conventional adaptive array antenna process-

ing must access signals on all of the array antenna ele-

ments. However, because the low-cost ESPAR antenna

only has a single-port output, all of the signals on the

antenna elements cannot be observed. The adaptive al-

gorithm proposed in this paper is based on the steepest

gradient theory, where the reactances are sequentially

perturbed to determine the gradient vector. Simula-

tions show that the ESPAR antenna can be adaptive.

The statistical performance of the output SIR of the

ESPAR antenna is also given.

1. Introduction
The adaptive array antenna is an emerging technol-

ogy that has gained much attention over the last few
years for its ability to significantly increase the per-
formance of wireless systems by effectively suppressing
cochannel interference [1]. While the wireless commu-
nity has paid a great deal of attention to adaptive sys-
tems for basestations, relatively little effort has been
focused on how to improve mobile terminals using ad-
vanced adaptive antenna techniques. Mobile terminal
applications also have stringent limitations on hard-
ware and algorithm complexity as well as power con-
sumption. It is well known that nearly all-existing an-
tenna array techniques also require one receiver chain
per branch of antenna. For a two-element array an-
tenna, for instance, this doubles the receiver hardware
and is not an easy trade-off to make where reducing sys-
tem complexity is essential. For the reasons of hard-
ware, complexity, power consumption, etc., no array
antenna, which multiplies the receiver hardware by num-
ber of element branches, is a suitable candidate for low-
power mobile terminal applications.

Analog adaptive beamformers, e.g., an electroni-
cally steerable passive array radiator (ESPAR) antenna
[2] [3], have shown the potential for application to wire-
less communication systems, and especially to mobile
terminals. The (M + 1)-element ESPAR antenna, as
depicted in Fig. 1 where M = 6, has only an active
radiator (the 0-th element) connected to the receiver.
The remaining M elements are passive, and the an-
tenna pattern is formed according to the values of the
loaded reactances on these passive radiators.
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Figure 1: Diagram of an adaptive ESPAR antenna.

Because of the configuration of the ESPAR antenna,
we may face the following three difficulties with the
development of the adaptive algorithm.
(a) For the ESPAR antenna, the signals on the sur-

rounding passive elements (#1 ∼ #M) cannot
be observed. Only the single-port output can be
observed and processed as feedback to adjust the
reactances.

(b) The RF current on each element is not indepen-
dent but mutually coupled with each other, and
depends on the value of the reactances.

(c) The single-port output is a highly nonlinear func-
tion of these variable reactances, and includes an
intractable matrix inverse (see Eq. (3) below).

Recalling the conventional adaptive array, the re-
ceived signal on each element is observed. The weight
coefficient in each element branch is independently con-
trolled. The antenna output is a linear function of the
complex weight coefficients. Hence, a direct application
of most of the algorithms for the conventional adaptive
array to the ESPAR antenna is impractical. It is desir-
able to propose adaptive algorithms especially for the
ESPAR antenna.

Although several adaptive algorithms for single-port
antennas have been proposed, they are still not suffi-
cient for application to mobile communication systems.
In [2] [4] and [5], an adaptive algorithm of control reac-
tances based on the steepest descent method was pro-
posed. However, it was designed mainly so as to cancel
interferences so that the beam steering was not suffi-
ciently examined.

In this paper, our objective is to develop an adap-
tive algorithm that makes the ESPAR antenna steer
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its beam and nulls automatically, thus making it self-
adaptive. The proposed algorithm is based on the
steepest gradient theory, where the values of the re-
actances are sequentially perturbed to determine the
gradient vector. By this adaptive algorithm, the loaded
reactances are adjusted to null out or at least reduce the
source of interferences, thus to make the SIR (signal-
to-interference ratio) as large as possible. The devel-
opment of the adaptive algorithm makes the ESPAR
antenna adaptive for the first time.

2. ESPAR Antenna Formulation
An (M+1)-element ESPAR antenna [3] with M = 6

is depicted in Fig. 1. The 0-th element is an active ra-
diator located at the center of a circular ground plane.
It is a λ/4-monopole (where λ is the wavelength) and
is excited from the bottom in a coaxial fashion. The
remaining M elements of λ/4-monopoles are passive ra-
diators surrounding the active radiator symmetrically
with the radius R = λ/4 of the circle. Each of these M
elements is terminated by a variable reactance. Thus
adjusting the values xm (m = 1, 2, · · · , M) of the re-
actances can change the pattern of the antenna. The
vector denoted by

x
�= [x1, x2, · · · , xM ]T (1)

is called the reactance vector, where the superscript T

is the transpose of the vector or matrix.
Denote s(t) = [s0(t), s1(t), · · · , sM (t)]T, where the

component sm(t) is the RF signal impinging on the m-
th element of the ESPAR antenna. Then, the single-
port RF output y(t) of the antenna is given by

y(t) = iTs(t), (2)

where i = [i0, i1, · · · , iM ]T is the RF current vector with
the component im appearing on the m-th element [6].

According to the electromagnetic analysis of the
ESPAR antenna, the RF current vector i is formulated
as [6]:

i = (I + Y X)−1y0, (3)

where I is the identity matrix of order M + 1, and
the diagonal matrix X = diag[50, jx1, jx2, · · · , jxM ] is
called the reactance matrix. Moreover, in Eq. (3), the
(M + 1)-dimensional vector y0 and (M + 1) by (M +
1) matrix Y are constant determined by the mutual
admittance between the elements.

It should be emphasized that the signal vector s(t)
in Eq. (2) impinging on the elements of the ESPAR an-
tenna is not measurable. This differs from the conven-
tional adaptive array where the received signal vector
on the elements is observed. For the ESPAR antenna,
only the single-port output y(t) can be measured, and
used as feedback to control the reactance vector x of
Eq. (1). More unfortunately, as shown in Eq. (3), the
single-port output y(t) is a highly nonlinear function
of x, and includes an intractable matrix inverse, which

makes it difficult to produce an analytical expression
of adaptive performance. It is also interesting to note
that the current vector i in Eq. (3) is equivalent to
the weight coefficient vector of conventional adaptive
array. It is clear from Eq. (3) that each component
of i, unlike the weight coefficient vector of the conven-
tional adaptive array, is not independent but mutually
coupled with each other. The discussion above implies
a direct application of most of the algorithms of the
conventional adaptive array to the ESPAR antenna is
impractical. It is desirable to propose an adaptive al-
gorithm especially for the ESPAR antenna.

3. Signal Model
Suppose there are a total number of Q + 1 signal

sources transmitting signals uq(t) with DOAs θq (q =
0, 1, · · · , Q). Let sm(t) (m = 0, 1, · · · , M) denote the
signal impinging on the m-th element of the antenna,
and let s(t) be the column vector with m-th component
sm(t). Then, the column vector s(t) may be expressed
as

s(t) =
Q∑

q=0

a(θq)uq(t). (4)

Here a(θq) is the steering vector defined by

a(θq) =




1
ej π

2 cos(θq−ϕ1)

ej π
2 cos(θq−ϕ2)

...
ej π

2 cos(θq−ϕM )




, (5)

where ϕm = 2π
M (m−1) (m=1,··· ,M). Substituting Eq. (4)

into Eq. (2) yields the output of the ESPAR antenna

y(t) = iTs(t) =
Q∑

q=0

iTa(θq)uq(t). (6)

Notice that the current vector i, and thus y(t) is a
function of the reactance vector x of Eq. (1).

4. Adaptive Algorithm
We are now ready to describe a gradient-based adap-

tive algorithm of the ESPAR antenna. In this algo-
rithm, a reference signal r(t) is used, which is assumed
to be known to both the transmitter and the receiver.
Abusing notation slightly, in the remaining part of this
paper we still denote by y(t) the equivalent lowpass
signal of the RF output of the ESPAR antenna.

In the conventional steepest gradient algorithm, the
commonly used cost function is the mean-squared er-
ror. For ESPAR antenna, however, the amplitude of
the each component in the current vector i of Eq. (3)
seems not to be sensitive to the reactance vector x.
This means the amplitude of y(t) can not be freely

0-7803-6540-2/01/$10.00 (C) 2001 IEEE



controlled by the reactance vector. For this reason, an
amplitude adjustment of y(t) is needed if the mean-
squared error is used as the cost function.

Instead of the mean-squared error, in our algorithm
a cross-correlation coefficient is adopted. It is well
known that the cross-correlation coefficient represents
the similarity of two signals, while the error repre-
sents the difference. Assume y(n) and r(n) are the P -
dimensional column vectors that are discrete time sam-
ples of y(t) and r(t), respectively. The cross-correlation
coefficient of y(n) and r(n) at time n is defined as

ρn =
|yH(n)r(n)|√

yH(n)y(n)
√

rH(n)r(n)
, (7)

where superscript H denotes a complex conjugate trans-
pose. Then a gradient vector is defined as

∇ρn
�=

∂ρn

∂x

�=




∂ρn

∂x1
∂ρn

∂x2
...

∂ρn

∂xM




, (8)

where ∂ρn

∂x denotes the derivative with respect to reac-
tance vector x.

As it is well known, the output SIR is represented as
ρ2

n/(1− ρ2
n) if the desired signal is not correlated with

the interference signals. This implies that the larger the
cross-correlation coefficient, the larger the output SIR.
Our goal is to find a reactance vector x of (1) such
that the cross-correlation coefficient, thus the output
SIR is as large as possible. By the steepest gradient
algorithm, we proceed as follows:
(i) Begin with an initial value x of the reactance

vector, which is chosen arbitrarily. Typically, x
is set equal to the zero vector, where the initial
antenna pattern is omni-directional.

(ii) Using this initial or present guess, compute the
gradient vector ∇ρn at time n (i.e., the n-th it-
eration).

(iii) Calculate the next guess at the reactance vector
by making a change in the initial or present guess
in a direction similar to that of the gradient vec-
tor.

(iv) We go back to step (ii) and repeat the process.
It is intuitively reasonable that successive correc-

tions to the reactance vector in the directions of the
positive of the gradient vector should eventually lead
to a good reactance vector in the sense that the cross-
correlation coefficient is large.

Let x(n) denote the value of reactance vector x of
Eq. (1) at time n. According to the steepest gradient
method described above, the update value of the reac-
tance vector at time n + 1 is computed by using the
simple recursive relation

x(n + 1) = x(n) + µ∇ρn (9)

where µ is a positive real-value constant that controls
the convergence speed.

There may be some difficulty when we compute the
gradient vector ∇ρn of Eq. (8). This arises from, as we
have stated in Section 2, the fact that a) it may not be
easy to analytically represent the gradient vector as a
function of x because of the presence of the intractable
matrix inverse in the representation of y(t) (see Eqs. (2)
and (3)); and b) the signal vector impinging on the
elements of the ESPAR antenna can not be observed.

An estimate of the gradient vector ∇ρn of Eq. (8)
may be derived by the use of finite-difference approx-
imations of derivatives [7] [8]. Specifically, the first-
order partial derivative ∂ρn/∂xi with respect to the
reactance xi is approximated to a change of the cross-
correlation coefficient

∂ρn

∂xm
≈ [ρn(x1, x2, · · · , xm +∆xm, · · ·xM )

−ρn(x1, x2, · · · , xm, · · ·xM )]/∆xm,(10)
m = 1, 2, · · · , M,

by incrementing xm to xm + ∆xm. Substituting this
estimate of the gradient vector into Eq. (9), the reac-
tance vector x(n + 1) is calculated. Repeating these
steps from n = 1 to n = N , we obtain, for a sufficiently
large N , a good reactance vector x(N +1) in the sense
that the cross-correlation coefficient ρN is large.

As shown in Eq. (10), only one component of the
gradient vector ∇ρn is calculated at a time from the
output of the antenna. All the components of reactance
vector x are sequentially perturbed in order to get one
gradient vector for each iteration of Eq. (9). This se-
quential perturbation of the reactance requires M + 1
times transmission of the reference vector r(n) (with
length P ) for one iteration. Thus, the total P (M+1)N
symbols is required for N iterations.

5. Simulations
The presence of an intractable matrix in the output

representation (see Eqs. (2) and (3)) of the ESPAR an-
tenna may make it difficult to describe its performance
analytically. Simulations are required to validate the
proposed algorithm and the antenna behaviors. In our
simulations, a 7-element (M = 6) ESPAR antenna is
used. We chose the powers of all the source signals
uq(t) (q = 0, 1, · · · , Q) to be unity. The absence of
noise is assumed for the reason of simplicity. In all the
experiments, the data block size for each calculation
of the cross-correlation coefficient defined in Eq. (7) is
taken to be P = 10.

Let first consider the case where there are two sig-
nals from different directions. After N = 800 itera-
tions, the beam is steered to 0◦ of the desired signal,
while the deeper null is formed towards the interfer-
ence signal at 135◦ (see Fig. 2(a)). The output SIR
of 28.26dB is obtained. Fig. 2(b) shows the conver-
gence curve associated with the forming of the pattern
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of Fig. 2(a). The number of symbols used for training
are P (M + 1)N = 10× (6 + 1)× 800 = 56000.

Second, we consider the statistical performance of
the output SIR of the adaptive ESPAR antenna. Fig. 3
illustrate the probability Pr(Z ≥ z) that the output
SIR of Z will exceed a given real number z of the ab-
scissa. In the calculation for this figure, the desired
signal is fixed to come from an angle of 0◦, and the
DOA(s) of the interference signals are set to be uni-
formly random in the range of 0◦ to 359◦. All 1000
sets of DOAs are used in these statistics. The curves
are given in the cases of number Q = 1, 2, 3 and 4 of
interference signal(s). As an example of how to inter-
pret these curves, Fig. 3 (in the case of Q = 4) implies
that the adaptive antenna can provide at least 20dB
output SIR (in other words 26.02dB SIR gain) with a
probability of 80%.

6. Conclusions
In this paper, a steepest gradient-based algorithm

is proposed for the ESPAR antenna, where the reac-
tances are sequentially perturbed to determine the gra-
dient vector. The simulation results show that a 7-
element ESPAR antenna can provide an SIR gain of
at least about 26dB with a probability of 80%. The
development of the adaptive algorithm makes the low-
complexity ESPAR antenna adaptive for the first time.
This shows that the ESPAR antenna is an excellent
candidate for practical antenna implementations in wire-
less mobile terminals.

In this paper the absence of noise is assumed for the
reason of simplicity. The performance simulations in
noise deserve further investigation for a practical pur-
pose. Development of an adaptive algorithm with fast
convergence remains as another topic for further re-
search on ESPAR antenna.
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Figure 2: (a) Antenna pattern after N = 800 iterations.
DOAs of desired signal and interference signals are: 0◦
and 135◦, respectively. Input SIR: 0dB, Output SIR:
28.26dB. (b) Convergence curve.
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Figure 3: Probability Pr(Z ≥ z) that output SIR of
Z exceeds a given real number z of the abscissa after
iterations of N = 1000.
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