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Abstract 

 
 An accurate and efficient numerical scheme is presented for simulating a complex antenna array with a 
distributed feed network using the time-domain finite element method (TDFEM). The feed network is represented in 
terms of a rational function form of its scattering matrix in the frequency domain that enables its interfacing with the 
time-domain finite element modeling of the array through a fast recursive time-convolution algorithm. The exchange 
of information between the antenna elements and the feed network occurs through the incident and reflected modal 
voltages/currents at properly defined port interfaces. The proposed numerical scheme significantly simplifies the 
simulation of an antenna system that comprises both antennas and a feed network and allows one to fully utilize the 
power of the state-of-the-art simulation technique to deal with large and complex antennas. Two examples are 
presented to demonstrate the accuracy and efficiency of the method. 
 

1. Introduction 
 
 In an advanced antenna system, multiple antenna elements are usually arranged into a certain array 
configuration, driven through a feed network whose major function is to distribute the input signal from the signal 
generator to the radiating elements and combine the signals received by the antenna elements. Complicated 
interactions could occur between the antennas and the feed network, which affect the overall performances of the 
entire radiation system. A well-designed feed network with a good control on the signal distribution enables the 
antenna system to have desired radiation characteristics. However, multiple interactions resulting from signals 
traveling back and forth between radiating and feed structures could lead to undesired mutual couplings and give 
rise to secondary radiations that deteriorate the system performance. Consequently, accurate modeling of the 
interactions between the antennas and the feed network is essential and must be taken into consideration in 
numerical simulations for optimizing the performance of the antenna system. In this paper, we describe a numerical 
scheme to include the feed-network modeling into the analysis of antenna arrays using the time-domain finite 
element method (TDFEM), and thus account for the impact of the interactions between the radiating elements and 
the feed network on the antenna performance. This approach works seamlessly with the single-field TDFEM with 
the time-domain waveguide port boundary condition (WPBC) [1], and is also compatible with the dual-field 
domain-decomposition (DFDD) TDFEM [2] for simulating large, complex arrays. In the proposed approach a feed 
network is considered as a multi-port, linear, passive device. A macromodel of its S-matrix is derived in terms of 
rational function interpolation of the discrete frequency data using the vector-fitting (VECTFIT) algorithm [3]. This 
macromodel, which captures the important characteristics of the original feed network, is interfaced with the 
TDFEM solver through an efficient time-domain convolution scheme. The formulation of the proposed approach is 
described in Section 2, and numerical examples are provided in Section 3 to validate the proposed methodology and 
demonstrate its applications to the modeling of antenna arrays fed by various types of feed networks. 
 

2. Formulation 
 

We consider the feed network as a multi-port, linear, passive system, which is connected to the source and 
the antennas solely through a set of port interfaces ,  0,1, 2, , .p p N=S With the assumption of TEM-mode 
propagation, on the pth port interface, the traveling-wave decompositions of the phasors of the total transverse 
electric and magnetic fields are applicable to the phasors of the modal voltages and currents as  

( ) ( )( ) ( ) ( )p p pV s V s V s+ −= + ,                                    (1) 



( ) ( )( ) ( ) ( )p p pI s I s I s+ −= − .                                      (2) 
The (+) sign is used to label the waves traveling from the antenna domain to the feed-network domain through the 
port interface, the (–) sign is used to label the waves traveling backward and s=jω denotes the complex frequency. 
The time-domain counterparts of (3) and (4) are simply given by 

( ) ( )( ) ( ) ( )p p pV t V t V t+ −= + ,                                                  (3) 
( ) ( )( ) ( ) ( )p p pI t I t I t+ −= − .                                                     (4) 

Based on the decompositions above, the interactions between the feed network and the antennas can be simulated in 
the time domain through the following scheme. On the one hand, the feed network takes ( ) ( )pV t+ , as the incident 

fields and produces the reflections ( ) ( )pV t− . ( ) ( )pV t+  and ( ) ( )pV t−  are related by the S-matrix of the feed network. On 

the other hand, the reflections of the feed network, ( ) ( )pV t− , are considered as the excitations for the antennas at the 
port interfaces. When the antenna domain is modeled by the single-field TDFEM, the time-domain WPBC [1], given 
by  

     inc ( )ˆ ( ) ( ) ( )p p pn P V −× ∇× + =E E U ,                                  (5) 

is applied at the pth port interface. (The definitions of ( )pP E  and inc ( )( )p pV −U  can be found in [1].) This allows the 

antenna domain to take ( ) ( )pV t−  as the port incident fields and calculate any reflections from the antennas. These 

reflections from the antennas are, actually, ( ) ( )pV t+ , which again become the incident fields for the feed network 
across the port interfaces. Therefore, the interactions of the feed-network domain and the antenna domain are carried 
out by exchanging their incident and reflected modal voltages through the port interfaces that connect them. 
 

The feed network is characterized by its broadband S-matrix, which directly relates the incident and reflected 
modal voltages at the port interfaces over a wide frequency band as 
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where pZ  is the port impedance of the pth port. Such a broadband S-matrix can be efficiently computed, either by a 
fast circuit solver when a circuit diagram of the feed network is available, or by a broadband electromagnetic field 
solver [4] when the physical layout design of the feed network is available. In both cases, the calculated S-
parameters are in terms of a set of values calculated at a set of discrete frequencies spanning the bandwidth of 
interest. We then use the VECTFIT scheme [3] for the rational function interpolation of the discrete data. Each entry 
of the S-matrix ( )ijS s can be approximated as 
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We refer to the rational function approximation of the S-matrix as the macromodel of the feed network. By invoking 
the rational approximations in (7), the matrix representation in (6) can be easily transformed into the time domain as 
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where “ * ” denotes a time convolution. Using well-known results from the theory of Laplace transforms, the 
elements of the time-domain S-matrix are in terms of exponential functions. Thus, the convolutions in the discrete 
form of (8) can be recursively evaluated with a computationally efficient algorithm.  



To extend the proposed scheme to be compatible with the DFDD TDFEM, one can easily establish a similar 
dual scheme for the exchange of the incident and reflected modal currents since the S-matrix in (8) also relates the 
incident and reflected modal currents at the port interfaces. However, for the dominant TEM mode, a desired way is 
to utilize the relation ( ) ( )( ) ( )p p pV t Z I t− −=  for antenna excitations. Therefore, once ( )

pV −  at integer time indices is 

known, ( )( ( ))pd I t dt−  at half integer time indices can be directly computed as 

( )( ) ( ) ( )

( 1 / 2)
( ( )) ( 1) ( ) ( )p p p pt n t

d I t dt V n V n Z t− − −

= + ∆
= + − ∆ .   (9) 

 
The formulation above can also be extended to the feed networks which allow the TE/TM modes to 

propagate. Based on multimodal expansion, a generalized S-matrix which relates the incident and reflected modal 
expansion coefficients of individual modes (instead of modal voltages and currents) on the port interfaces [1] can be 
computed to characterize the feed networks. This generalized S-matrix can be cast into its time domain form in a 
similar fashion as (7-8), and provides for the interaction between the feed network and the antenna domain to be 
modeled by including the higher mode excitations in the right hand side of the time-domain WPBC (Eq. 5). 
 

3. Numerical Results 
 

In the following examples, three feeding schemes are used to feed the antenna arrays. “Individual feeding” 
denotes the case when each antenna is fed individually without any feed network. “Wilkinson-divider feeding” 
contains a typical multi-way Wilkinson divider. “Multi-stage feeding” consists of several lossless T-junction power 
dividers that are arranged in multiple stages to form a corporate feed network. 
 

The first example is an 8 1×  linear array of Vivaldi antennas. The unit cell is described in [2]. The spacing 
between array elements in the x-direction is 40 mm, which corresponds to one half of a wavelength at 3.75 GHz. 
The computational domain is partitioned into 30 sub-domains, with the total number of unknowns for the entire 
problem around 600,000. The calculated E-plane radiation patterns at 3.75 GHz for the broadside case are shown in 
Fig. 1 for the array fed by the three different feeding schemes. Since the Wilkinson-divider feeding is designed to 
have perfect isolation between all the eight output ports at 3.75GHz, we obtain a radiation pattern identical to that 
with the individual feeding. However, for the multi-stage feeding case, although the maximum radiation direction 
remains unchanged, the beamwidth, the location of nulls and side-lobes, and the level of side-lobes are all different, 
due to multiple interactions between the feed network and the antenna array. These multiple interactions come from 
the properties of the multi-stage power dividers. The poor isolation between their output ports allows crosstalk 
between antenna elements through the feed network, and the reflections from the antennas are bounced back and 
forth between the junctions of the divider and antennas, resulting in a series of secondary radiations.  
 

Second, an 8 8×  Vivaldi array fed by a multi-stage feed network is analyzed. The unit cell and spacing in 
both the x- and y-directions are the same as those in the previous example. The antenna domain is partitioned into 
100 sub-domains, with the total number of unknowns over 2.3 million. The computed radiation patterns are shown 
in Fig. 2, compared with the case of the individual feeding. The computational information is given in Table I, 
which shows that the incorporation of the feed-network modeling requires only a small increase in both the memory 
requirement and solution time. 
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(a)                                                                 (b) 

Figure 1: E-plane broadside radiation patterns of an 8 1×  Vivaldi array using the different feeding schemes 
compared to those of the individual feeding case.  
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(a)                                                                 (b) 

Figure 2: Radiation patterns of an 8 8×  Vivaldi array with different feeding schemes when o45sθ =  and o90sφ = . 
(a) E-plane. (b) H-plane. 
 

Table I: Computational information for the simulation of the 8 8×  Vivaldi array  
with different feeding schemes. 

Feed-network 
Type 

Peak Memory  
(MB) 

Average solution time  
per time step (second) 

Individual feeding 
(No feed network) 1227 11.765 

Multi-stage feeding 1313 14.517 
 


