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Abstract—Standard Autoregressive Signal Processing is very sensi-
tive to the model system’s order, instabilities can occur and make the
model unusable. To overcome this drawback, in this paper a mixed
DFT/AR (DAR) method is presented using frequency domain AR
evaluation, which is insensitive to instable poles of the AR model.
Numerical examples for the good performance of the algorithm are
presented.

I. INTRODUCTION

Based on growing PC performance, the Finite Difference Time
Domain (FDTD, [1]) method for the numerical integration of
Maxwell’s Equations is more and more used by RF developers
as a general purpose analysis and optimization tool.

Results in the frequency domain are normally generated from time
series using the Discrete Fourier Transform (DFT). If e. g. high
Q resonant systems are under consideration, long time series are
needed for accurate results, which requires long FDTD computa-
tion times.

Thus various Signal Processing [2]–[4] algorithms have been de-
veloped for accurate frequency domain signal estimation from
short time series. Autoregressive Signal Models (AR) [3], [4], as-
suming each time sample to be a linear combination of n previous
samples, are simple and fast. However, [3], [4] do report a strong
sensitivity of AR(n) systems with regard to the system order n,
making high order systems difficult to use.

These problems are due to the time series extrapolation technique
[4], which is used in conjunction with the DFT algorithm. If the
AR–model yields instable poles, the extrapolated time series can
not be properly treated with the DFT.

This paper overcomes this problem by direct frequency domain
AR evaluation in combination with DFT of the FDTD generated
time signal.

Section II explains the AR model used. Section III introduces the
z–Domain AR difference equation solution and shows, how AR
and DFT work together in the frequency domain signal genera-
tion. In Section IV numerical results are presented in comparison
to the standard AR method.

II. THE AUTO–REGRESSIVE SIGNAL MODEL

If sk is a properly sampled discrete time domain signal, the AR(n)–
model assumes

sk
� n

∑
ν � 1

aνsk � ν � (1)

where the aν are the unknown model parameters.

If m samples from the end of the FDTD calculated signal sk,
k
��� 0 � M � are used for model parameter estimation,

sM � µ � 1
� n

∑
ν � 1

aνsM � µ � ν � 1 � µ
�	� 1 � m 
 n � (2)

is a system

A �a � �b � (3)

bµ
� sM � µ � 1 � (4)

Aµ � ν � sM � µ � 1 � ν 
 (5)

of linear equations.

General choice of the parameters n and m can make (3) over– or
underdetermined, thus solving of

ATA �a � AT �b (6)

for �a is the appropriate method for parameter estimation.

Since ATA is symmetric and relatively small (e.g. 200x200 Ele-
ments), many direct or iterative numeric solvers are available to
treat (6) with.

A Signal Theory approach [4] using the signals covariance leads
to the same result (6), but the approach presented here is simpler
and can be easily optimized if m � 2 � n by directly solving (3).

III. FREQUENCY DOMAIN DFT/AR EVALUATION

The standard AR(n) method solves the explicit difference equa-
tion (1) in the time domain, using sM � ν, ν ��� 1 � n � as initial values.
This way, the signal can be extrapolated for M � k � � M � P. The
completed signal sk, k

��� 0 � K � P � is then transformed to the fre-
quency domain using the well–known Discrete Fourier Transform
DFT(M � P).

If the AR(n) system yields instable poles, which can be observed
for relatively large orders n, this algorithm does not work, since



DFT does not converge with exponentially raising time domain
signals.

The DAR(n) method presented here uses a DFT(M) for frequency
domain transformation of the FDTD calculated part of the time
series.

The Difference Equation

s
�
k
� � n

∑
ν � 1

aνs
�
k
� � ν � k

� �	� 0 � ∞ � (7)

with sk
� � M � 1

� s
�
k
� is now solved using the z–Transform

S
�
z � � ∞

∑
k
� � 0

z � k
�
s
�
k
� � (8)

with the initial values s
�
λ, λ ��� 
 n � 
 1 � .

Straight forward calculations lead to

S
�
z � �

n

∑
ν � 1

aν
� 1

∑
λ � � n

s
�
λz ��� ν � λ �

1 

n

∑
ν � 1

aνz � ν

 (9)

The complete (DFT+AR) frequency domain result is

S
�
ω � � M

∑
k � 0

e � jω∆ksk � z � M � 1S
�
z ���� z � jω∆ � (10)

where ∆ is the (subsampled) time step.

IV. NUMERICAL INVESTIGATION

Figure 1 sketches a disc–type dielectric resonator for KA–Band
usage on an Al2O3 Substrate with a graded mesh FDTD grid. The
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Fig. 1. Dielectric Resonator (εr = 24.2) on an Al2O3 substrate.

mode of interest is the TE1 	 0 	 δ–Mode, thus for symmetry reasons
only a quarter of the structure has to be simulated and magnetic
walls are used for mirroring. Losses (tanδ 
 10 � 4) of the disc have
been taken into account at 25 GHz as conductivity.

Figure 2 shows the first 500 samples (the subsample factor is 24,
so 12000 FDTD time steps are shown) of the electric field compo-
nent Eφ � t 
 in the middle of the resonator. Additive Excitation has
been done with Eφ at another position, using a Gaussian pulse of
30 GHz bandwidth (-20 dB).

t � τ ���

E
φ

� t

� in
a.

u.
��
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Fig. 2. Time domain test signal.

Figure 3 gives an impression of the transformed signal obtained
with different algorithms. Here e.g. DAR(70,1/3) means n=70 and
the first third of the samples has not been used to determine the
system parameters (the transient part of the signal), so m 
 M �
� 1 � 1 � 3 
 .
It can be seen that there are two resonances in the frequency range
sketched and that DAR performs very much better as DFT.

To quantify the performance and do a comparison with the results
of the standard AR method, the Resonance frequency (fig. 4 and
fig. 5) calculated from the frequency domain data. The number of
additional samples P for the AR method was 10000.

It can be stated, that

� The DAR method produces useable results for all orders (n �
2 ,m � n).

� The DAR Resonance frequency are very insensitive to the
system order, if

– the order n is chosen big enough

– enough samples m � 1 � 7 � n are used for parameter esti-
mation



M=500, DFT
M=250, DFT
M=500, DAR(70,1/3)
M=250, DAR(70,1/3)
M=100, DAR(20,1/2)
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Fig. 3. Frequency domain test signal, calculated from 250 rsp. 500 Samples with
the DFT rsp. DAR method.
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M=250, DAR(n,1/3)
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Fig. 4. Estimated Resonance frequency, calculated from 250 rsp. 500 Samples
with the DAR(n,1/3) method. A 0.1 MHz grid was used for Resonance frequency
search.

� The AR method had obvious instabilities (floating point over-
flows) for n � 37 at M = 250 samples and for n

��� 39 � 93 � and
n � 110 at M = 500 samples.

� Hidden instabilities (exponential raise is too weak to cause
floating point overflows at P=10000) lead to inexact results
at some AR orders.

� Instable poles (same orders as AR instabilities) do not influ-
ence the DAR precision.

To show the DAR method’s capabilities, more critical parame-
ters have been derived from the frequency domain data. Figure
6 shows the estimated bandwidth, figure 7 the estimated signal
strength.

It can be seen, that

� for precise bandwidth and signal strength M = 500 Samples
are required.

� The DAR algorithm again works excellent, if the order n is
big enough.

The AR algorithm’s results have not been shown here, since

� Only n � � 94 � 110 � for M = 500 Samples would be interesting
here.

� Theoretically P � 300 � 000 extra samples would be necessary
to achive the precision of DAR, making AR/DFT very slow.

The DAR algorithm is very fast, e. g. DAR(200,1/3) at M = 500
Samples took approx. 200 ms1.

V. ADVANTAGES OF DAR WITH REGARD TO THE SI METHOD

Other signal models, like the System Identification (SI) method
[2] have been sucessfully used for frequency domain signal esti-
mation.

The main advantages of DAR with regard to the SI method are

� DAR’s speed

� DAR does not use any iterative algorithm. So if the time do-
main signal changes slightly, the changes in the frequency
domain signal are not caused by iterative algorithms decid-
ing to stop after a slightly different number of iterations.

VI. CONCLUSIONS

A combined Autoregressive Signal model (AR)/DFT frequency
domain method has been presented to overcome the AR stability
problems. The algorithm is fast, its precision is excellent if the AR
system’s order is chosen big enough. Thus it is a very good choice
for practical application.

1On a Pentium III(R) 450 MHz processor



M=500, AR(n,1/3)
M=250, AR(n,1/3)
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Fig. 5. Estimated Resonance frequency, calculated from 250 rsp. 500 Samples with
the AR(n,1/3) method. A 0.1 MHz grid was used for Resonance frequency search.
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Fig. 6. Estimated 3dB Resonance Bandwidth, calculated from 250 rsp. 500 Sam-
ples with the DAR(n,1/3) method. A 0.1 MHz frequency step was used.
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Fig. 7. Signal strength at the Resonance, calculated from 250 rsp. 500 Samples
with the DAR(n,1/3) method.


