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Abstract— A dechirp on receive (DoR) concept demonstrator
was recently implemented on the Fynmeet radar system of
the CSIR, in an attempt to extend its high range resolution
(HRR) measurement capabilities. Based on the low dynamic
range observed in subsequent measurements, this paper presents
detailed analysis of the effect of amplitude, phase and nonlinear
distortion on dechirp on receive radars.

I. INTRODUCTION

The need for high range resolution (HRR) measurement ca-
pabilities are becoming increasingly important in the analysis
of target radar cross section (RCS) contributors, especially in
the field of non-cooperative target recognition. The Fynmeet
radar system of the CSIR, currently its main RCS measure-
ment facility, has been using an HRR measurement technique
based on stepped frequency waveforms (see eg. [1]), which
limits the achievable Doppler bandwidth.

Dechirp on receive is a method to achieve HRR mea-
surements of a target with a limited range extent, within a
single pulse, while reducing the requirements on the amount
of intermediate frequency (IF) bandwidth required [2]. It
involves transmitting a wideband, linear frequency modulated
(LFM) pulse and mixing the echo returns with a accurately
timed, pulsed, LFM local oscillator (LO) signal with the same
chirprate. This is referred to as ‘deramping’ the received
signal.

In January 2007 a dechirp on receive concept demonstrator
was implemented in the Fynmeet system. This implementation
illustrated the successful integration of the technique, however
the spurious free dynamic range (SFDR) of the measurements
was poor (only about 20 dBs). This prompted an in-depth
study into hardware front-end factors that affect the SFDR
of dechirp on receive measurements.

Some of these contributing factors that have been analysed
in literature include: range sidelobes (due to linear distortion
of the amplitude and phase of the LFM signal [3], [4], [5]) and
asymmetrical windowing effects [6]. In this paper we aim to
extend the analysis of [3], [4], [5] by including the analysis of
amplitude and phase distortion introduced by both the signal
path shared by the transmit and LO LFM signals, as well as by
the signal path which only affect the transmitted pulse (Section
IV-A). Such a scenario is encountered in the implementation in
the Fynmeet system. Furthermore this paper presents detailed
analysis of the effect of nonlinear distortion, in the form of
in-band harmonics, and intermodulation distortion (IMD), on

978-2-87487-009-5 © 2008 EuMA

136

2 . .
wajnell@csir.co.za

dechirp on receive measurements in the range-Doppler domain
(Section IV-B).

II. MATHEMATICAL MODELING OF DECHIRP PROCESSING

We start by writing the expression for the LFM LO signal
as

spo(t) = Aj cos[wit + a/2t?] (1)

where A; denotes the amplitude, w; the centre frequency in
rad/s and a the chriprate in rad/s?>. We model the echo return
from a point scatterer at a range of cAt/2 meters, relative to
the centre of the range extent (range scene centre), as a scaled
and delayed version of the transmitted chirp pulse. Let this
echo of length Ty seconds be denoted by

sp(t) = Agcoslwa(t — At) +a/2(t — At)?];
—To/2<t<Tp/2. 2)

The output of the deramping process yields

y(t) = sr(t)sLo(t); —To/2 <t <Ty/2

A A
= 12 2 cos {(wl — wy + aAt)t — gAt2 + ngt}
Desired component
AA
+ 12 2 cos [(wl +wQ—aAt)t+at2+gAt2—w2At}

Unwanted component

3)

The unwanted double frequency component in (3) is normally
removed through analogue filtering, resulting in a single
frequency signal

yrr(t) = A'cos(w't + ¢'), 4

where A'=A;A3/2, w'=w; —wy+aAt and ¢’ =—aAt?/2+
w9 At. Pulse compression is now achieved through spectral
analysis. The Fourier transform of (4) is given by

Y r(w) = Csinc[(w'+w)Ty /27 +C*sinc[(w’ —w)To/27] (5)

where C' = A'T exp(j¢’)/2. This represents two sinc func-
tions centred around +w rad/s, each with a mainlobe width of
2/Ty Hz.
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Fig. 1. Simplified block diagram of the dechirp on receive implementation
in Fynmeet.

III. IMPLEMENTATION IN THE FYNMEET RADAR SYSTEM
A. System overview

Fig. 1 shows a simplified block diagram of the Fynmeet
dechirp on receive implementation. The baseband LFM pulses
are generated through direct digital-to-analogue conversion,
at a centre frequency of 250 MHz. The transmit signal has
a bandwidth of 400 MHz. Both the transmit and LO LFM
signals are translated to X-band. The LO LFM chirp signal
drives the LO port of a RF mixer which mixes it with the
received signal. The desired frequency components are isolated
through bandpass filtering and mixed down to an IF frequency
of 100 MHz,with bandwidth of 10 MHz. This IF signal is
then sampled by the intermediate frequency sampling (IFS)
subsystem at a rate of 125 MSPS and quadrature down-
converted to 0 Hz in the digital domain. Windowing and FFT
processing then yields the desired range profile.

B. Measurement results

A measurement trial was performed to test the dechirp on
receive implementation in Fynmeet. Two point-like scatterers,
a corner reflector and conducting sphere, were suspended
diagonally to the ground, with a rope, from the top of a nearby
tower. The range separation of the two targets were about
1.5 m. To achieve separation from stationary clutter return
through Doppler processing, the sphere was swung to and
fro, relative to the radar. This motion also coupled through
to the corner reflector. Fig. 2 shows the range-Doppler map of
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Fig. 2. Range-Doppler map of two point scatterers (range bins 12 and 14)
measured with the Fynmeet dechirp on receive implementation.

the two scatterers. It is seen that although the two targets can

indeed be resolved, the spurious free dynamic range (SFDR) of
the measurements are severely reduced by a number unwanted
artifacts.

IV. DYNAMIC RANGE CONSIDERATIONS
A. Range sidelobes due to amplitude and phase distortion

1) Nonlinear phase response: The authors of [3], [4] anal-
yse the case where phases of the transmit and LO LFM pulses
are distorted by the same signal path. To fully model the
scenario in Fynmeet, this analysis is extended to include a
secondary distortion, affecting the transmitted pulse.

The distorted return from a point scatterer can be written as

S7(t) = Ag cos[wa(t — At) +a/2(t — At)?
+0(t — At) + ¢(t — At)] (6)
where 6(t) and o(t) denote the phase error terms. 6(¢)
denotes the common phase error, while ¢(t) affects only the

transmitted signal. Accordingly, the distorted LO LFM signal
is given by

S o(t) = Aj cos[wit + a/2t* + 6(t)] (7

After deramping and bandpass filtering the target return, the
IF signal is given by

yrp(t)=A" cos|w't+¢" +0(t)—0(t— At)—p(t—At)] (8)

We may write 6(t) and ¢(t) in terms of their most significant
Fourier series component to simplify the analysis, as was done
in [3] and [4]. Thus we let §(t) =0, cos(wgt) and @(t — At)=
p cos(w,t). Since we can assume that normally 27 /wg >> At
[3], we can make the approximation that [3]

0(t) —0(t — At) = At%(tt) = —Ath,wp sin(wet)
= G sin(wpt) 9
where 8 = —Atf,wg. Using the approximation of (9), a

slightly different form of (8) may be written as
yrr(t) = A'Re {exp jlw't + ¢']
x exp j[Bsin(wgt)] exp j[pp cos(wet)]}  (10)

In the above equation, the expression exp j[3 sin(wyt)] can be
expanded into a series using Bessel functions, as [3]

exp j[8 sin(wgt)] = Z Jn(8) exp(jnwet)  (11)
n=—oc
where J,,(.) denotes the Bessel function of the first kind, order
n. The factor exp j[¢,, cos(w,t)] can be expanded into a series,
using the Jacobi-Anger Expansion (see e.g. [7, p. 681]), as

eij[‘Pp Cos(wwt)] = Z " Jm(%"p) eXp(ijsot) (12)
Using the series representation of (11) and (12), a typical
magnitude spectrum of a point scatterer return, when nonlinear
phase distortion exists, is depicted in Fig. 3. The expressions
for the relative strengths of the sidelobes, follow directly when
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Fig. 3. Normalised one-sided magnitude spectrum of the dechirped IF signal
in the presence of nonlinear phase distortion. (Sinc envelopes not shown; line
lengths illustrate a typical scenario.)

expanding the first two terms of (11) and the first three terms
of (12).

The maximum value of 3 is related to the available IF
bandwidth (B;p in Hz) as max[3] = —27Brpb,/Afy, if we
let Afp (= a/wy) denote the frequency span (in Hz) of one
period of the phase error function. Considering the Fynmeet
implementation, it is seen that for slowly varying phase error
functions, ¢, will typically be larger than 3 when ¢, and
0, are of comparable sizes. This is due to the fact that 3
experiences a cancelling effect when the target return and the
LO LFM signals align in time. For a range sidelobe level
(RSL) of —40 dB, the maximum allowable value for ¢, is
about 1 degree. This is stricter than the specifications on ¢, of
about 3.6 degrees for the Fynmeet implementation (assuming
A fo =200 MHz).

2) Non-flat Amplitude Response: We model the effect of a
non-flat amplitude response by making the amplitude scaling
terms of the filtered IF signal in (4), time variant. We define

AL(t) = Ar[1+ €(t)]
ALt — At) = As[1 +e(t — At) + k(t — At)]

13)
(14)

where €(t) denotes the amplitude error function introduced
by the signal path shared by both signals, while x(t) denotes
the error affecting only the transmitted signal. As suggested
in [3], we may once again write €(t) and (¢) in terms of
their most significant Fourier components such that e(t) =
€p cos(wet) and k(t — At) = K, cos(w,t). By expanding the
product A;(t)As(t — At) we have that

A1 (1) Az(t — Al)

A, ~ 1+ 2¢, cos(wet) + kp cos(wyt) (15)

In the above expression the contributions of €2 and €, terms
were ignored and it was assumed that w At << 1. The AM
components at w = w’ +w, and w = w’' +w, rad/s will have
relative strengths of €, and /2, respectively, relative to the
desired component. It is seen that, unlike phase error, the
amplitude distortion’s effect is worsened in the event where
the same distortion is applied to both the transmit chirp and
LO signals. As an example, for a RSL of less than -40 dB,

the amplitude response of the analogue front-end should have
a ripple (¢p) of less than 1%.

B. Nonlinearity

Passing the transmit or LO LFM signal through a nonlinear
transfer function will result in false replicas of existing targets
appearing in the range-Doppler map. We will use a Taylor
series expansion to model the effect of frequency-independent,
memoryless nonlinearities. Using this model, the output of a
nonlinear device can written in terms of its input x(t) as [8]

N
y(t) = apz®(t) (16)
k=0
where k indicates the harmonic number (fundamental is & = 1)
and aj, the weighting, which is device dependent.

1) In-band Harmonic Distortion: In-band harmonic distor-
tion refers to the case where harmonics of the fundamental
signal falls within its own frequency band. This may occur
when the bandwidth of the signal is large compared to its
centre frequency, as is the case at the first mixing stage of the
baseband signal. In such a case the harmonic content cannot
be removed though filtering.

We model the nonlinear behaviour of the first mixing stage
as the multiplication of two signals that were each passed
through a nonlinear device [9].

Nonlinear
device

Baseband signal
Spp(1)

S'gp(1) <>
<>

device

LO signal
x(1)

Fig. 4. Model for the harmonic distortion of the first mixing stage of the
Fynmeet implementation.

Using this model, as illustrated in Fig. 4, the baseband signal
sz p(t) can be written as

N
spp(t) = Z K, cos[ngpp(t)] 17)

n=0
where K, is a function of multiple Taylor coefficients and
¢pp =wppt+a/ 22 represents the baseband LFM signal’s
phase function. Similarly, the distorted LO signal can be
written as
M
2 (t) = Z G cos(mwgt)

m=0

(18)

where w, indicates the frequency of the LO, which is usually
much larger than the bandwidth of the LFM signal. Since the
product of these two terms is followed by an analogue band-
pass filter, isolating components in the region of w, + wpp,
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we may write its output as

diter (t) = BPF{sz5(t)2' ()}

R
= Z K, cos[ngpp(t) + wyt]

n=1

19)

where R (< N) now indicates the number of in-band harmonics
that could not be removed though filtering. This signal will
typically pass through more mixing and filtering stages before
being transmitted. However, the nonlinear distortion of these
stages will usually result in harmonics that are far removed
from the fundamental and are thus easily removed through
filtering. Using the definitions of (1) and (2), we can now
write the return from a point target and the dechirp LO signal,
respectively, as

R
Sp(t)=> _ Ky coslngpp(t—At)+(wy—wpp)(t—At)]

n=1

R
s'LO(t)zz K, cos[népp(t) + (w1 —wpp)t]. (20)
n=1

The IF signal, after deramping and bandpass filtering, is then
given by

Yip = K cos(wit — wat + Atws)
R
+1/2) K7 cos[0(t,n)]

n=1

ey

where

0(t,n) = [naAt + w; —ws)t
+ [n(wppAt — aAt?/2) + (w2 — wpp)At](22)

In the above expression, only the component corresponding to
n = 1 is desired. It is seen that in-band harmonic distortion
causes false target returns to appear at integer multiples of
the true targets range, relative to the centre of the measure-
ment range extent. However, since the dominating phase term
(we —wpp)At is not affected by n, these false returns would
essentially reside in the same Doppler bin as the true target
return, when Doppler processing is performed on a moving
target. Their energy can be reduced by applying a bandpass
filter to the fundamental component’s frequency band.

2) Intermodulation Effects: Intermodulation distortion
(IMD) will occur when two target returns overlap in time
(ie. multiple frequencies exist in the receive path at the same
time instance) and are passed though a nonlinear device. For
illustrative purposes, we investigate the effect of third order
intermodulation products (IMP).

The in-band third order IMP of two signals A; cos(¢1(t))
and Aj cos(go(t)) will reside at frequencies resulting from
the expressions 2¢;(t) — ¢o(t) and 2¢o(t) — ¢1(t). Let us
define ¢ (t) and ¢2(t) to be the phase functions (similar to the
expression of (2) ) of the returns from two targets at ranges of
cAt1/2 and cAto/2 meters, respectively. It can be shown that
irrespective of whether the composite return signal is passed
through a non-linearity before decamping with the LFM LO or

after the decamp process, the filtered IF signal will additionally
contain the following IMPs:

A2A
IMP; = Jas A Az cos { [wi — w2 + a(2At; — Ato)]t
s (20 — Aty) — a/2(208% — At‘;‘)} (23)
AZA
IMP2 = M COS { [wl — wo + a(2At2 — Atl)]t

s (20t — Aty) — a/2(208% — A{f)} (24)

where a3 denotes the third order Taylor coefficient of the
nonlinear transform function. It is seen that intermodulation
will cause target returns to mirror around each other, not only
in range (false targets at c(2At; — Aty)/2 and c(2Aty —
Aty)/2 meters) but also, in the case of moving targets, in the
Doppler domain, due to the phase terms wo(2At; — Ats) and
wa(2Ate — Aty). These components will contain less energy
than the desired components, since they exist only during the
time that target returns overlap.

V. CONCLUSIONS

This paper presented detailed analysis of the dynamic range
implications of front-end amplitude and phase as well as
nonlinear distortion, in a dechirp on receive systems. Explicit
expression were provided to aid in the design of front-end
specifications for such radars. All of the effects presented in
this paper were considered major contributing factors to the
low SFDR of the dechirp measurements with the Fynmeet
radar system.
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