> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <

1

Harmonic Synthetic Aperture Radar Processing
Tor Berger and Svein-Erik Hamran

Abstract—We review the basic concept of Frequency Modulated
Continuous Wave (FMCW) and describe how such a radar system
can be used in a harmonic radar concept. It is argued that synthetic
aperture radar (SAR) for FMCW harmonic radar can be implemented
by carefully choosing the wavenumbers in the mixing part of the
FMCW concept. It is also argued that the following SAR processing
is an extension of conventional SAR processing when applied to a
harmonic FMCW system.
Index Terms — Frequency Modulated Continuous Wave,
Harmonic Radar, Synthetic Aperture Radar.

I. INTRODUCTION

T

HE basic idea behind harmonic radar is to exploit the
nonlinearities of the electromagnetic properties of a
reflecting target causing higher order harmonics in the radar
return.
A concept for harmonic radar was developed for avalanche
rescue [1], and a commercial detector was introduced by the
Swedish company Recco in 1983 [2]. This was a single tone
system receiving at twice the transmitting frequency.
Harmonic radar has also been used to track insects and small
animals [3]-[7]. Other known applications are for example in
problems related to detection of vital signs [8]-[10],
temperature sensing [11]-[12] and detection of RF electronics
[13]. Many of the applications for harmonic radar rely on
using tags that cause higher order harmonic reflections when
illuminated by an RF signal. Often these tags contain a
nonlinearity such as a Schottky diode. Other targets, e.g. RF
electronics, could cause the same effect due to nonlinearities
in their design.
Harmonic radar prototypes and systems have been
developed for security and military applications since almost
50 years, mainly for detecting concealed electronics and
weapons [14]. The powerful METRRA radar was developed
by IIT research institute for the U.S. Army. Theoretical work
has been carried out on detection of in-foliage nonlinear
scatterers [16], and in recent years work has also been done on
cognitive nonlinear radar by the U.S. Army [17]. Smaller
systems are now available commercially, such as the REI
Orion [18] and Winkelmann Hawk [19].
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In radar, range resolution is inversely proportional to
effective range bandwidth [20]. Cross range information
requires transmit of multiple pulses at different aperture
positions. In a synthetic aperture radar system one can obtain
2D and 3D resolution of a scene [21], and thereby in a
harmonic radar concept it would be possible to locate the
position of objects causing higher order harmonic returns.
In an FMCW system we may transmit at one frequency
band; f low -f high and receive at another frequency band, for
example 2f low -2f high. By doing this we isolate any second
order harmonics of the radar return. Unwanted clutter does
normally not contain higher order harmonics, meaning that the
signal to clutter ratio can be increased for signals containing
higher order harmonics.
There are some hardware requirements to be met when
designing harmonic radar. The antennas used must cover both
the fundamental frequency band and the harmonics, meaning
for all purposes that they must be wideband. The same applies
for the amplifiers. Also, since we seek harmonics generated
from the return signal from a target, we must ensure that the
transmitted signal contains little or no higher order harmonics.
One way of doing this is to split the transmitted signal and
apply a low pass filter on the signal fed to the antenna [22].
Although the signal to clutter ratio is increased, there are
signal to noise ratio (SNR) limitations for the low signal levels
anticipated from higher order harmonics [14], meaning that
harmonic radars mostly would be short range systems.
In this paper we review the basic concept of FMCW and the
extra requirements added when introducing the harmonic radar
concept. We argue that synthetic aperture radar (SAR)
processing of the return of harmonic FMCW radar is an
extension of conventional SAR processing.
II. FREQUENCY MODULATED CONTINUOUS WAVE
In FMCW radar a linear frequency modulated signal is
transmitted. The reflected signal from targets in the scene is
received and mixed with a replica of the transmitted signal,
and then low pass filtered. The resulting signal contains beat
frequencies indicating the range to targets.
Although there is no sole inventor of FMCW, many people
have contributed significantly to the development of the
technique, for example [23]-[26]. Other terms used for the
mixing part of FMCW are for example “stretch” [27] or “deramp”.
Fig. 1 shows the basic concept of FMCW. A signal
containing a frequency sweep over a bandwidth B is
transmitted. The sweep time is T s . A target at range r causes a
reflected signal arriving at the round trip time τ = 2r/c, where
c is the propagation velocity of the medium.
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resolution is directly proportional to the beat frequency
resolution, and from (5) we have

f
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Fig. 1 FMCW concept. A linear frequency modulation sweep is transmitted at
t = 0. The reflected signal from a target is received at t = τ. The difference in
frequency, f b , is used to estimate the range to the target.

Assuming the frequency range of the transmitted signal is
[f 0 ,f 0 +B], and ω 0 =2πf 0 , the transmitted signal is then
𝐴

𝑠0 = 𝜌0 cos �𝜔0 𝑡 + 𝑡 2 �
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where A = 2πB/T s . The return signal is shifted in time, and
altered in amplitude, i.e.
𝐴
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The first term of (3) is filtered out and the remaining term
describes a beat signal at constant frequency. The beat
frequency is the derivative of the phase, i.e.
𝑓𝑏 =

𝐴𝜏

2𝜋

=

𝐵𝜏
𝑇𝑠

.
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Remembering τ = 2r/c, where r is the range to the target, we
see that the range and beat frequency is related by the
expression
𝑟=

𝑐𝑇𝑠

𝑓.
2𝐵 𝑏
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2
𝐴(𝑡 − 𝜏)2 ]
(7)

The received signal in (7) is mixed with the transmitted signal
in (1), and the expanded result is
𝐴

2
2
⎡ 𝜌1 𝑐𝑜𝑠 �(2𝜔0 − 𝐴𝜏)𝑡 + 𝐴𝑡 + �2 𝜏 − 𝜔0 𝜏�� ⎤
⎢
⎥
𝐴
+𝜌1 𝑐𝑜𝑠 �𝐴𝜏𝑡 + �𝜔0 𝜏 − 𝜏 2 ��
⎥
𝜌0 ⎢
2
1
𝑠𝑚 = ⎢
⎥
3
2
2
2
⎢+ 𝜌2 𝑐𝑜𝑠 �(3𝜔0 − 2𝐴𝜏)𝑡 + 2 𝐴𝑡 + (𝐴𝜏 − 2𝜔0 𝜏)�⎥
⎢
⎥
𝐴 2
2
⎣ + 𝜌2 𝑐𝑜𝑠 �(𝜔0 − 2𝐴𝜏)𝑡 + 2 𝑡 + (𝐴𝜏 − 2𝜔0 𝜏)� ⎦

.

The transmitted and returned signal are mixed, i.e. multiplied,
in the receiver, and (3) shows the expanded result of the
mixing.
𝑠𝑚 =

As in a conventional FMCW system, a sweep signal
covering a frequency band [f 0 , f 0 +B] is transmitted (see (1)).
We now assume that nonlinearities in the reflective properties
of the target causes second order harmonics. As in the
previous section we assume a single target at range r. The
reflected signal is time delayed, altered in amplitude, and it
also contains a second order harmonic, as shown in (7).

(5)

In a practical system, the sampling of the mixed signal is
limited by the constraints of the hardware. The sampling
frequency, f s , is typically in the order of MHz, while the signal
carrier could be in the order of GHz. The maximum
unambiguous range is given by (5) by letting the maximum
beat frequency be equal to half the sampling frequency f s .
We also know that the frequency resolution of a signal is
inversely proportional to the signal duration. In this context it
gives us the beat frequency resolution as ∆f b = 1/T s . The range

(8)

The first two terms in (8) are equal to (3) The last two terms of
(8) are filtered out in the receiver, provided there is no overlap
in frequency with the beat signal. This means that the
minimum frequency of the last term must be greater than the
maximum beat frequency given by the second term of (8).
This put restriction on the maximum possible time delay given
by
𝑓0 −
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3𝐵

.

(9)

This means that a second order harmonic does not affect the
output of a conventional FMCW system. The same can be
shown when harmonics higher than order two is introduced in
the return signal.
Now consider the case where the return signal is mixed with
a signal at twice the transmitted frequency content. In this case
the return signal given by (7) is mixed with the signal
𝑠0,𝐻 = 𝜌0 𝑐𝑜𝑠[2𝜔0 𝑡 + 𝐴𝑡 2 ]

.

(10)

The expanded result of the mixing with the signal in (10) is
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The first three terms are filtered out in the receiver, and the
last term represents a beat frequency of twice the value
compared to the conventional case. But the bandwidth has
been doubled in this case, meaning that the range given by (5)
is not changed. It should be noted, however, that when
applying the harmonic concept with FMCW, care must be
taken to maintain the unambiguous range. If a fixed
unambiguous range is required, and the second harmonic is
investigated, the sampling frequency of the beat signal must
be doubled as compared to the conventional case.
Accordingly, if harmonics up to order L is investigated, the
sampling frequency must be increased by a factor L.
We note that after low pass filtering the result indicated in
(11), the overall result is the same as if a conventional FMCW
system had been applied to a single harmonic signal within the
frequency band [2f 0 ,2(f 0 +B)]. This means that the different
harmonic components of the return signal is separated in the
receiver. This will become useful when applying a synthetic
aperture processor to the signal.
One benefit of using harmonic radar is its clutter
suppression capabilities. However, the signal to noise ratio
(SNR) of the harmonic returns is lower than for the
fundamental return. The received power from the fundamental
return follows an inverse fourth power law with respect to
range, while the second and third harmonics re-radiated
signals follow inverse sixth and eight power laws, respectively
[14]. This means that the transmitted power should be
increased, or the harmonic radar system should be used at
short standoff. Increasing the number of aperture positions of
a synthetic aperture would improve the situation. As an
example, 1000 aperture positions would give 30 dB processing
gain in a SAR processor.
IV. SYNTHETIC APERTURE RADAR PROCESSING
In synthetic aperture radar return signals collected along a
trajectory are processed to increase the cross range resolution.
According to Fig. 2, we assume a radar travelling along the
positive x-axis, looking in the y-direction. A 2D geometry is
assumed for simplicity. For 3D geometry we replace y with
(h2+y2)1/2, where h is the height above ground. Again, for
simplicity, a single reflection is assumed. A scene consisting
of several reflectors is formed by adding the contribution from
each reflector. For the Harmonic SAR described here there
will be no practical difference between using time domain
backprojection [21] or wavenumber algorithm (ω-k) [28]-[29]
as SAR processor. For the sake of illustration, ω-k is used in
the following.
The transmitted signal may be seen as the integration of
single frequencies swept across the bandwidth. The back
scattered field caused by a point scatterer at some distance r is

3

the product of the transmitted field from the antenna to the
point scatterer and the reflected field from the point scatterer
to the antenna, as shown in (12).
𝑆(𝑘) = 𝜌𝑒 −𝑗𝑘𝑟 𝑒 −𝑗𝑘𝑟 = 𝜌𝑒 −𝑗2𝑘𝑟

(12)

In eq. 12 ρ is the overall strength of the scattered field and k is
the wavenumber; k=2πf/c. The range to the target is given by
2

𝑟 = ��𝑥 − 𝑥𝑝 � + 𝑦𝑝2 .

(13)

Taking the Fourier transform of (12) along the x-axis we
obtain the scattered field in the k x domain;
∞

𝑆(𝑘𝑥 , 𝑘) = 𝜌 ∫−∞ 𝑒

2

2�
�−𝑗2𝑘 ��𝑥−𝑥𝑝 � +𝑦𝑝

𝑒 𝑗𝑘𝑥 𝑥 𝑑𝑥

(14)

Solving (14) with the stationary phase principle, we end up
with (except for a constant phase term)
𝑆̃(𝑘𝑥 , 𝑘) = 𝑒

−𝑗�𝑘𝑥 𝑥𝑝 +�4𝑘 2 −𝑘𝑥2 𝑦𝑝 �

(15)
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Synthetic aperture radar geometry

Defining 𝑘𝑦 = �4𝑘 2 − 𝑘𝑥2 it is seen that the scene can be
reconstructed by taking the 2D inverse Fourier transform of
(14), as shown in (16).
∞
1
𝑠(𝑥, 𝑦) = (2𝜋)2 ∬−∞ 𝑆̃�𝑘𝑥 , 𝑘𝑦 � 𝑒 −𝑗�𝑘𝑥𝑥+𝑘𝑦 𝑦� 𝑑𝑘𝑥 𝑑𝑘𝑦

(16)

In order to use FFTs in the reconstruction, the observed
signal must be resampled to a rectangular grid, which for
example is done in the ω-k algorithm. Otherwise, one could
evaluate (16) directly on the existing grid points defined by k x
and k y .
V. HARMONIC SAR
As described earlier, in the harmonic radar concept we
assume that the backscattered field from scatterers contains
higher order harmonics. The higher order harmonics add to the
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signal consisting of the first harmonic. If we again consider
the single frequency case, and a total of L harmonics, the
backscattered field from a point scatterer at range r can be
written as
𝑆(𝑘) = 𝜌0 𝑒 −𝑗𝑘𝑟 [𝜌1 𝑒 −𝑗𝑘𝑟 + 𝜌2 𝑒 −𝑗2𝑘𝑟 + 𝜌3 𝑒 −𝑗3𝑘𝑟 + ⋯ +
(17)
𝜌𝐿 𝑒 −𝑗𝐿𝑘𝑟 ]

The term in front of the parentheses is the incoming field from
the antenna to the point scatterer, while the terms inside the
parentheses are the harmonics of the reflected field. We see
from (17) that the observed field is the sum of individual
reflected fields with different wavenumbers; k, 1.5k, 2k, … and
so on.
Applying an FMCW system for SAR processing we know
from previous sections that mixing the reflected signal with a
higher order harmonic signal will isolate the harmonic in
question. This means that for SAR processing of harmonic
signals, we simply have to change the wavenumber k in the
reconstruction algorithm. Otherwise the processing is identical

4

to the conventional case. The reconstruction of harmonic
images is illustrated in Fig. 3 where the reflected signal is
mixed with signals of increasingly higher frequency bands. To
improve the signal to clutter ratio harmonic images can be
summed coherently. If we are interested in inspecting all
harmonics higher than 1, we sum harmonic images 2 – L.
Targets may be moving, and one could expect different
smearing in the different harmonic SAR images. Inspecting
the general azimuth displacement one finds that it depends on
the velocity vectors of the target and the SAR platform [30],
[31]. Raney [30] showed that a radial velocity of the target
produces a range smear independent of the signal wavelength.
Also, the effect of increased Doppler of a moving target at
higher order harmonics is cancelled by the increased center
frequency. In the SAR scheme shown in Fig. 3, the receiver at
each harmonic band is matched to the return signal, meaning
that effects of target motion would be the same as for the
fundamental band.

Tx
Signal @ [f 0,f 0+B]

Harmonic
image 1

Harmonic
image 2

SAR
processor

SAR
processor

Signal @ [f 0,f 0+B]

Rx

Signal @ [2f 0,2(f 0+B)]

Rx

k = 2πf/c

k = 3πf/c

...

...

...

Signal @ [Lf 0,L(f 0+B)]
Harmonic
image L
Fig. 3

SAR
processor

Rx

k = (L+1)πf/c

Schematics of harmonic SAR processing

VI. CONCLUSIONS
By applying the harmonic radar concept to FMCW
synthetic aperture radar it will be possible to localize the
sources of higher order harmonic signal returns in a scene.
This could be of interest in crowded scenes, both for tracking

small objects with tags on, or detecting non-cooperative
targets. It has been justified that it will be possible to construct
harmonic FMCW SAR, and perform SAR processing on
signal returns. The next step would be to implement such a
system in hardware, and do the SAR processing.
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