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ABSTRACT  
 
This paper overviews our recent research on adaptive beamforming of reactively controlled array as a nonlinear spatial 
filter with variable parameters, which forms both beam and nulls. The learning rate schedule is examined with respect 
to output SINR, convergence, stability, misadjustment, noise effect etc. Our theoretic study, simulation results and 
performance analysis show that such kind of arrays can be controlled effectively and has strong potential for use in the 
wireless ad-hoc community networks. Further development is described.  
 
INTRODUCTION 
 
The reactively controlled arrays were first investigated in [1] and [2]. In [1] the direction of maximum gain was 
controlled by varying the load reactances of a moderate number of dipoles (resonance mode) and an optimum seeking 
univariate search procedure was applied; in [2] the experimental results and theory were presented for reactively steered 
adaptive array in a power inversion mode. However, these papers fail to meet the demand for adaptively canceling 
interferences and reducing an additive noise. The electronically steerable passive array radiator (ESPAR) antenna [3] is 
one kind of parasitic elements based a single-port output antenna with several variable reactances. It performs analog 
aerial beamforming, which provides a dramatically simplified architecture that results in significantly lower power 
dissipation and fabrication cost in comparison with digital beamforming antennas. In [6] it was shown that by applying 
compact adaptive ESPAR antennas to portable mobile user terminals can enlarge the capacity of Wireless Ad-hoc 
Community Networks (WACNet), reduce consumption of power etc. Such a network can be considered as a means of 
linking portable user terminals that meet temporarily in locations where the connection to a network infrastructure is 
difficult. One example of effective application of the reactively controlled adaptive arrays to a WACNet is the 
Contiguous Communication Network on Ubiquitous Transmission [7]. In reactively controlled adaptive array none of 
the signals on its passive elements can be observed. This fact and one that is more important – the nonlinear dependence 
of the output of the antenna on adjustable reactances – makes the problem substantially new and not resolvable by 
means of conventional adaptive array beamforming techniques. The essence of beamforming functionality in the 
reactively controlled antenna is complex weighting in each branch of the array and adaptive optimization of the weights 
via adjustable reactances [4],[5]. In this paper minimization of the objective function is performed via a stochastic 
descent technique in accordance with stochastic approximation (SA) theory [8]. Finally, by using cyclostationary 
features of the SOI [9], a blind algorithm is proposed. 
 
ESPAR ANTENNA CONFIGURATION AND FORMULATION 
 
An (M+1) – element ESPAR antenna with M=6 is depicted in Fig. 1. The 0-th element is an active radiator located at 
the center of a circular ground plane. It is a λ/4 monopole (where λ is the wavelength) and is connected to the RF 
receiver  in a coaxial fashion. The remaining M elements of λ/4 monopoles are passive radiators surrounding the active 
radiator symmetrically with radius R=λ/4 of the circle. These M elements are loaded with varactors having appropriate 
reactances. Thus adjusting the values of the reactances can change the radiation patterns of the antenna. A key role is 
played by the RF current weight vector [5] which does not have independent components but is an unconventional one 
– wuc. It depends nonlinearly by reactance vector x and adaptive beamforming of the reactively controlled antenna must 
be considered as a nonlinear spatial filter that has variable parameters. The output of the ESPAR antenna can be 
expressed as the model 
 
 



           
               Fig. 1. A 7-element adaptive ESPAR antenna 
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where )(ts p , p=1,…,P is the waveform of the p-th user terminal; )( pθa is the steering vector in the direction pθ ; 

)(ν t  is a complex valued additive Gaussian noise (AGN) and the weight vector ucw  was mentioned above. 
 
OBJECTIVE FUNCTION 
 
The output of the antenna is not linearly connected by the adjustable reactances. The character of this nonlinearity has 
not been studied until now. That is why the model is considered and evaluated numerically instead of presenting an 
analytical solution of optimal adaptive beamforming. Let us turn to the measures as mean squared error (MSE) or 
normalized MSE (NMSE) of the output waveform y(t) relative to the desired waveform d(t) 
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where ydρ  is the cross-correlation coefficient. Let us have the N-dimensional vectors d(n) and y(n) that are discrete-
time samples of the desired signal d(t) and the output signal y(t). Then the following objective function has to be 
minimized: 
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This objective function is a non-convex function of the reactances, and its derivative with respect to the reactance 
vector is a nonlinear function. Therefore we have to resort to the nonlinear filtering theory that has not been completely 
studied and applied to the adaptive beamforming. This is a basic difficulty. Further, we propose to exploit temporal 
features of the signal of interest (SOI) but without appealing to a reference signal (blind algorithm). We propose by 
exploiting cyclostationarity to modify our objective function as MSE between a complex exponential and the array 
output in power p (p-non-linearity) [5] 
 

N
pnj

N nyeJ 〉−〈=
22 )()( παx               (4) 

 
where the symbol 〈⋅〉N denotes discrete-time averaging. The value of p and α are selected according to the order and 
frequency of the spectral line generated by the signal to be extracted. Minimization of this objective function enables 



the extraction of the complex valued desired signal, embedded in the array input, provided that it contains a non-zero p-
th-order cyclic moment at cycle frequency α.  
 
THE STOCHASTIC APPROXIMATION METHOD 
  
The stochastic gradient – based adaptation is used and recursively starting from any initial (arbitrary) value for the 
reactance vector, it improves with the increased number of iterations among the error – performance surface without 
knowledge of the surface itself. Actually, the system can be simulated or observed and sample values of objective 
function, of various settings for reactances, noted and used for finding the optimal solution. However, for the ESPAR 
antenna the surface of optimization is so complicated, the gradient vector and Hessian matrix are not available and we 
have to search for the optimum solution by using nonlinear models and no derivatives methods. Equation (5) describes 
the adaptive control algorithm of the ESPAR antenna 
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where gdN  is  the gradient of the objective function (3). Control step parameter µk is of paramount importance for the 
performance of the adaptive control algorithm. The sequence {µk} must be of positive numbers, tending to zero in order 
to help “asymptotically cancel” the noise effect, and for convergence to the “right” point or set. According to our 
“search then converge” (STC) learning rate schedule 
 

                µk = µ[1+(k/τ)]-1      γ−+∆=∆ )1(kxxk                                             (6)  
  

where τµ, and γ are user selected constants and k=1,…K  is the number of iterations. So we rediscovered the 
optimization problem of the ESPAR antenna in the frame of the old famous method of stochastic approximation for 
obtaining or approximating the best value of the parameter kx . 
 
SIMULATION RESULTS AND PERFORMANCE ANALYSIS 
 
The P signals (SOI plus P-1 interferences) were generated in binary shift keying (BPSK) mode with specified or 
random DOAs. The baseband complex envelope of the input array signal is used. The binary symbols are uniformly 
random, the power of all interferences was chosen to be 1/(P-1) and the power of SOI to be unity. Thus the input SIR 
was adjusted at 0 dB and complex AGN was added (the input SNR was varied from 30 dB to 10 dB). The gain patterns 
and learning curves are depicted for the proposed algorithm. The rate of convergence, misadjustment, and the total 
number of symbols in the training sequence are also obtained. The output signal-to-interference-and-noise ratio (SINR) 
was determined. One can see the interference reduction by using the proposed adaptive algorithm.   

 
                   Fig. 2. Adapted array pattern for SNR=20 dB 
                 DOA: 0° 40° 60° 210° 300° 



     
    
         Fig. 3. Averaged learning curves: NMSE versus iterations 
 
In Fig. 2 and Fig.3 gain pattern of adaptive beamforming and averaged learning curves are depicted all for specified 
DOAs of SOI and interferences according to the objective function (3). 
 
CONCLUDING REMARKS 
 

  1. A novel approach based on stochastic approximation theory is proposed for the adaptive beamforming of the ESPAR        
antenna as a nonlinear spatial filter with variable parameters, that forms both beam and nulls. The total number of 
symbols in the training sequence is considerably reduced. 

2. Statistical analysis at random DOAs (direction of arrival) of interferences shows that ESPAR antenna can ensure   
satisfactory SINR for 2 and 3 interferences and input SNR=20 dB without any further temporal processing. 

3. A blind algorithm is proposed, that exploits cyclostationary properties of signal of interest. 
4. By applying compact adaptive ESPAR antennas to portable mobile user terminals can enlarge the capacity of 

WACNet, reduce consumption of power etc. 
5. Our theoretic study, simulation results and performance analysis show that reactively steered adaptive arrays can be 

controlled effectively and have strong potential for use in mobile terminals. 
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