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Abstract. To meet the miniature requirement, a frequency 
modulated continuous wave synthetic aperture radar 
(FMCW SAR) puts tight constraint on the compactness, 
which causes the interference of narrow band noise. The 
aim of this study is to suppress the strong noise for an 
FMCW SAR. First, the quantitative analysis of the noise is 
performed. It is found that a strong spurious noise of the 
analog-to-digital converter (ADC) is introduced from in-
terferences and significantly affects the image quality; the 
other noise components are sufficiently small, thus having 
ignorable influences. Then, a Fast Fourier Transform 
(FFT) based method of noise suppression is proposed to 
eliminate the ADC strong spurious noise, adopting an 
ADC and a field programmable gate array (FPGA). Fi-
nally, using the real Ku-band FMCW SAR data, the level of 
the noise components is measured and the effectiveness of 
the proposed noise suppression method is validated. The 
results show that the measured noise level coincides with 
the theoretical noise level, and the proposed noise suppres-
sion method effectively eliminates the ADC strong spurious 
noise. 

Keywords 
Frequency Modulated Continuous Wave (FMCW), 
Synthetic Aperture Radar (SAR), strong spurious 
noise, noise suppression, miniaturized system 

1. Introduction 
Frequency modulated continuous wave synthetic 

aperture radar (FMCW SAR) has become popular in the 
radar field due to its low cost, light weight, small size and 
high-resolution imagery [1–7]. This type of the SAR pro-
vides the observation flexibility required in the cost effec-
tive application. The College of Electronic Science and 
Engineering (CESE) of the National University of Defense 
Technology (NUDT) built an FMCW SAR in 2014 [8]. 
The realized FMCW SAR works at Ku-band with the 
weight of 2.4 kg, the size of 140 × 140 × 100 mm3 and the 
power consumption of 45 W, while it has the ability of 
real-time imaging [9]. Compared with the existed FMCW 
SARs [5–7], this system puts more constraints on the com-

pactness. Such a miniaturized system may result in a sig-
nificant increase of the noise level due to the potential 
interferences and the lack of the precise motion sensors. 
Therefore, the aim of this study is to suppress the strong 
noise of the miniature FMCW SAR. 

Based on the characteristic of the noise for the SAR, 
the additive and multiplicative noises are identified. The 
receiver thermal noise is one of the principal contributors 
to the additive noise and is introduced in [10]. The noise of 
the analog-to-digital converter (ADC) is a potential princi-
pal contributor to the additive noise, because the narrow-
band interferences (NBI) may be introduced into the ADC. 
Many methods have been proposed to eliminate the inter-
ferences from the interference-corrupted signal. The rejec-
tion methods can be classified as those based upon adap-
tive filtering and those based upon transform domain pro-
cessing structures. The adaptive filters, such as least mean 
square estimation (LMS) adaptive filters [11–13] and lat-
tice adaptive filters [14], usually adopt iterative algorithms 
to reduce convergence time. The iterative algorithm relates 
to many operations, such as multiplications and trigonome-
try operations. However, these operations are not very 
suitable to be performed in some devices like the field 
programmable gate array (FPGA) [15]. The other type of 
rejection method is to process the received signal by sur-
face acoustic wave (SAW) [16] technology or Fast Fourier 
Transform (FFT) and then estimate the interference from 
sharply peaked spectrum. The processing of this method is 
easily associated with the subsequent imaging of FMCW 
SAR. However, it is difficult to obtain the interference 
when the signal at the frequency of interference can be 
comparable to the interference. Xu et al. proposed the 
wavelet-based removal of sinusoidal interference from 
a signal [17] without notable attenuation to the signal at 
interference frequencies. However, the significant distor-
tion to signal will be caused when the SNR is low and 
when there is a sharp transition for this method, for exam-
ple, when the FMCW SAR passes through riverside. With 
the multiplicative noise, its principal contributors are the 
integrated sidelobes noise, the ambiguity noise, and the 
quantization noise. Zhao et al. [18] proposed a compensa-
tion method for the phase errors of an FMCW SAR. How-
ever, the method is of limited effect on the high frequency 
phase errors which are one of the principal contributors to 
the sidelobes noise. The ambiguity noises has the marginal 
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influence on the imagery of the airborne FMCW SAR 
system because of its short slant range and high pulse re-
petition frequency (PRF) [19–22]. Therefore, the ambigu-
ity noise is not considered in this study. Similarly, the 
quantization noise is sufficiently small [10] and is not 
considered as well. 

In this study, a Ku-band FMCW SAR developed by 
NUDT is taken as an example to analyze the noise level of 
the system. First, a quantitative analysis of the noise com-
ponents is performed. Then, a FFT based method is pro-
posed to eliminate the strong noise adopting an ADC and 
a FPGA. Finally, using the real FMCW SAR data, the 
levels of the noise components are measured, and the 
effectiveness of the proposed noise suppression method is 
validated. 

The remainder of the study is organized as follows. In 
Sec. 2, a brief introduction of an FMCW SAR system and 
its geometry model is presented. In Sec. 3, the quantitative 
analysis of the noise components is performed. In Sec. 4, 
the method of strong noise suppression is proposed using 
an ADC and a FPGA. In Sec. 5, the noises levels are meas-
ured, and the effectiveness of noise suppression are vali-
dated using the real FMCW SAR data. Finally, conclusions 
are drawn in Sec. 6. 

2. System Introduction and its 
Geometry Model 
The diagram of FMCW SAR system is illustrated in 

Fig. 1, where FMCW signal is generated and amplified, 
then fed to transmitting antenna. The backscattered echo is 
received by the receiving antenna, magnified by the ampli-
fier, and mixed with the transmitting signal coupled from 
the transmitter. Then the backscattered echo turns to be 
a narrow bandwidth signal which is corresponding to the 
observed swath in range using the dechirp method. After 
sampled by an ADC, the dechirped signal is processed to 
generate the final imaging data in real time in the digital 
processing module. 

The geometry model depicted in Fig. 2 is used to 
show the model of FMCW SAR. The airplane moves along 
X axis with a velocity of v, and tm stands for the time varia-
ble in azimuth. H denotes the height of the platform. T0 
stands for a point scatter with a three-dimensional coordi-
nate of  (xo, zo, 0).  R and R’ are the closest  slant range and 

 
Fig. 1. The diagram of FMCW SAR system. 
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Fig. 2.  FMCW SAR system geometry in an ideal case. 

 

Parameter Value 
LFM bandwidth 
Receiver noise figure 
Low noise amplification 
Dechirped signal frequency 
Range and azimuth resolution 
ADC sampling frequency 

600 MHz 
3 dB 
60 dB 

6-14 MHz 
0.35 m × 0.35 m 

100 MHz 

Tab. 1.  Parameters of an FMCW SAR system. 

instantaneous  slant  range  from the radar to the point T0. α 
is the pitching angle, and 2sin 1 ( / )H R   . 

A part of parameters of an FMCW SAR system are 
listed in Tab. 1. 

3. Noise Analysis 
The total noise of an FMCW SAR system includes 

additive noise and multiplicative noise. It is expressed by 

 N n 0( )MNR       (1) 

where σn is the effective backscatter coefficient of the addi-
tive noise; σ̅0 is the average backscatter coefficient of the 
scene; MNR is the multiplicative noise ratio which is the 
constant of proportionality between the multiplicative noise 
and the average signal level [23]. 

3.1 Additive Noise 

In an FMCW SAR, the main contributors to the addi-
tive noise are the receiver thermal noise and the ADC spu-
rious noise. Thise additive noise is characterized by σn, 
which is the equivalent terrain radar backscatter coefficient 
that would produce a signal equal to the noise. 

3.1.1 Receiver Thermal Noise 

The signal-to-noise ratio (SNR) of the imagery [10] is 

 
3

t t r r 0
clutter

0 r2 4 sin

PG G
SNR

N L R K

      
   

 
  

  (2) 

where Pt is the transmitted power; Gt and Gr are the trans-
mit and receive antenna gains, respectively; L is the loss 
factor; λ is the center transmitted wavelength; R is the slant 
range of the scatterer; Kr is the mainlobe broadening factor 
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in range; ρr is the range resolution; σ0 is the backscatter 
coefficient of the scatterer; N0 is the power spectral density 
(PSD) of the receiver thermal noise, which is 

 0 0 n=N kT F    (3) 

where k is the Boltzmann’s constant which equals 
1.38  10–23 J/K; T0 is the standard temperature, Fn is the 
receiver noise figure which equals 3 dB. Assuming that T0 

is 290 K, these parameters are submitted into (3). N0 equals 
8.00  10–21 W/Hz. 

Based on the definition of σn, the effective backscatter 
coefficient of the receiver thermal noise, which is denoted 
by σreceiver, is equal to σ0 when SNRclutter is 1. So σreceiver is 
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. Providing that κ is equal to 

2.10  107,  the value of σreceiver  is 

7 3 13 2 3
receiver 02.10 10 sin 1.68 10 1 ( / )N R H R R      .  (5) 

3.1.2 ADC Spurious Noise 

There are two types of spurious noise: two single-fre-
quency strong signals with the frequencies that drift slowly 
over time, and a weak signal that is uniformly distributed 
in the frequency band of the dechirped signal. The influ-
ence of the spurious noises on the resulting imagery is now 
analyzed in detail. 

First, the ADC spurious noises are measured. To 
eliminate the influence of the receiver thermal noise on the 
test results, the ADC input is from an external source 
(model number AWG70000), and other operations are the 
same as those in working order of the FMCW SAR. The 
full scale of the ADC is 1 V which is normalized to 0 dB in 
Fig. 3. Figure 3(a) denotes the spectrum of the ADC output 
signal when there is no signal in the input of the ADC. It is 
shown that there are two strong signals. The strongest one 
has the frequency of 48.70 MHz. The frequency of this 
signal drifts slowly with time and ranges from 40 to 
50 MHz, which is not in the frequency band of the 
dechirped signal. Therefore, this strong signal will be 
eliminated by the filter in the image processing. With 
respect to the second strongest signal, it has the amplitude 
of –58 dB and the frequency of 8.59 MHz which is in the 
frequency band of the dechirped signal. It is called the 
ADC strong spurious noise. Because this noise may be in 
the frequency band of the dechirped signal, it is primarily 
considered in this study. Figure 3(b) denotes the spectrum 
of the ADC output signal when the input of the ADC is 
a single-frequency signal. It is shown that the two strong 
signals except for the input signal have the same ampli-
tudes as those in Fig. 3(a). Their frequencies have the same 
characteristic as well. Figure 3(c) denotes the frequency of 
the ADC strong  noise  versus the time in a test. It is shown 
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Fig. 3.  (a) Spectrum without an input signal; (b) Spectrum 
with a single-frequency input signal; (c) Frequency 
variation; (d) Amplitude variation. 
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that the frequency drifts slowly over time. Figure 3(d) 
describes the amplitude of the ADC strong spurious noise 
versus the amplitude of the single-frequency input signal. It 
is shown that the change of the amplitude is sufficiently 
small. Therefore, the ADC strong spurious noise is inde-
pendent of the input signal and can be regarded as the 
additive noise. 

Based on the forenamed analysis, the ADC strong 
spurious noise can be modeled as 

 s sp 0( ) exp{ 2 [ ( ) ]}n t C j f t t      (6) 

where Csp is the amplitude which approximately equals 
(10–58/20 ½) V, and 0 is the initial phase; f(t) is the fre-
quency, which will vary in the image processing. Because 
the frequency variation is not the focus in this study, it is 
not analyzed in depth. 

The ADC strong spurious noise is an additive noise. 
So equation (4) can be also used to calculate the effective 
backscatter coefficient of the ADC strong spurious noise. 
That is, the PSD of the receiver thermal noise will be 
changed to that of the ADC spurious noise when calculat-
ing its effective backscatter coefficient in (4). 

Because the ADC strong spurious noise is a single-
frequency signal, its power is primarily distributed in the 
frequency bandwidth of one range resolution cell. The 
power of the strong spurious noise is 

 
2
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The frequency of the dechirped signal is [10] 

 2 /f R c    (8) 

where  is the chirp rate of the transmitted signal. There-
fore, the frequency bandwidth of the dechirped signal in 
a range resolution cell is 

 re r2 /B c     (9) 

where ρr is the range resolution. 

Moreover, N0 is the PSD prior to the low noise ampli-
fication. The factor of low noise amplification must be 
considered when calculating the PSD of the ADC strong 
spurious noise. Therefore, the average PSD of the ADC 
strong spurious noise distributed in Bre is 

sp sp
sp

re r_ 2 _

P P c
PSD

B Receiver gain Receiver gain


 

  
 (10) 

where Receiver_gain is the low noise amplification. 
Receiver_gain is 60 dB, ρr equals 0.35 m, c is 3  108 m/s 
and  is 1.5  1012 Hz/s. These parameters can be substi-
tuted into (10), PSDsp equals 1.13  10–18 W/Hz. N0 is 
changed to PSDsp in (4) when calculating the effective 
backscatter coefficient of ADC strong spurious noise, 
which is 

  3 11 2 3
sp sp sin 2.37 10 1 ( / )PSD R H R R      .   (11) 

For the second type of the spurious noise, its power, 
denoted by Psp_r, can be calculated from the spectrum 
shown in Fig. 3 (a) and the result is –36.66 dBmW. So its 
corresponding PSD is 

     sp_r 22
sp_r

s

1.30 10 W/Hz
_

P
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f Receiver gain
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
  (12) 

where fs  is the ADC sampling frequency which is 
100 MHz. N0 is changed to Psp_r in (4) when calculating the 
effective backscatter coefficient of this type of the spurious 
noise. The result is 

3 15 2 3
sp_r sp_r sin 2.73 10 1 ( / )PSD R H R R      .  (13) 

Because σreceiver/σsp_r = 17.89 dB, the uniformly dis-
tributed additive noise thus primarily originates from the 
receiver thermal noise. 

3.2 Multiplicative Noise 

The principal contributors to the multiplicative noise 
are the integrated sidelobes noise, the ambiguity noise, and 
the quantization noise [10]. So the expression of MNR is 

 MNR ISLR QNR AMBR      (14) 

where ISLR is the ratio of all energy in the sidelobes of 
system impulse response to the energy in the mainlobe, 
QNR represents the constant of proportionality between the 
quantization noise level and the average signal level, and 
AMBR is the ratio of the ambiguity noise level to the aver-
age signal level [10]. 

The quantization noise is distributed in the entire 
scene, and its principal contributor to QNR in an FMCW 
SAR is the error of the floating-point calculation. The 
QNR is approximately –60 dB [10]. With the ambiguity 
noises, it has the marginal influence on the imagery of the 
airborne FMCW SAR system [8]. Therefore, the ambiguity 
noises are not considered in this study. 

The integrated sidelobes noise has a masking effect 
where the signal sidelobes of the echoes from bright scat-
terers may mask the main response from a weak target 
[10]. The ISLR includes the range and azimuth ISLR, which 
are denoted by ISLRr and ISLRa, respectively. They primar-
ily originate from the aperture effect, the high frequency 
phase errors, and the wideband amplitude errors [10]. 

The finite data processing aperture is one of the prin-
cipal contributors to the sidelobe levels. A Fourier trans-
form of the uniformly weighted aperture is sin(f)/(f) or 
the sinc function with an ISLR of –9.7 dB [10]. An FMCW 
SAR uses the common Hamming window of which ISLRr 
and ISLRa are both –35.20 dB. 

The high frequency phase errors, which results in the 
increase of ISLRr, are primarily derived from the high fre-
quency phase error of the generated wideband signal in 
an FMCW SAR. In Fig. 4(a), the waveform of the 
generated signal is recorded by a single-shot acquisition of 
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Fig. 4.  (a) Signal waveform; (b) Pulse compression result [23]. 

a 50 GSPS real-time oscilloscope (model number 
DPO71254). The pulse compression result of the recorded 
waveform is shown in Fig. 4(b). The ratio of the energy in 
the sidelobes to the energy in the mainlobe is approxi-
mately equal to –17.30 dB. 

The high-frequency phase errors that result in the in-
crease of ISLRa are primarily derived from the motion 
measurement errors of higher order, that is, those varying 
or changing direction many times over the azimuth aper-
ture [10]. Because the FMCW SAR in this study is a cost-
effective miniaturized system, the precision of the motion 
sensors is not sufficiently high to keep motion errors low. 
To reduce these motion errors, a higher order autofocus 
technique, i.e., the phase gradient algorithm (PGA) [23], is 
used in the image processing. Because the motion compen-
sation algorithm is not the focus of this study, its in-depth 
analysis is not presented in this study. 

The principal contributors to the wideband amplitude 
errors are the radar system’s hardware components. The 
ISLR that is derived from this form of error is significantly 
lower than that from the phase errors in an FMCW SAR. 

4. Noise Suppression 
Based on the quantitative analysis of the noise in 

Sec. 3, and assuming that the platform height is 500 m, the 
effective backscatter coefficients of the receiver thermal 
noise and the ADC strong spurious noise are calculated 
using (5) and (12),  respectively.  Their  results  are listed in 
 

Noise component Theoretical result 
Receiver thermal noise –46.98~–33.66 dB 

ADC strong spurious noise –25.49~–12.18 dB 
ISLRr –17.23 dB 

Tab. 2.  Theoretical results of the noise components. 

the first two items of Tab. 2, where the maximum and 
minimum values correspond to the farthest and nearest 
slant range, respectively. The receiver thermal noise level 
is shown to be small and only comparable to the reflection 
of the low return terrain [10], such as a quiet body of wa-
ter. However, the effective backscatter coefficient of the 
ADC strong spurious noise is shown to be large and can be 
comparable to that of some targets of interest to an FMCW 
SAR, such as a road, river beach or cropland. Therefore, 
this type of noise has considerable influence on the image 
quality. With the multiplicative noise components, AMBR 
and QNR of the airborne FMCW SAR are sufficiently 
small, which only have a marginal influence on the image 
quality. ISLRr is primarily introduced from the high-fre-
quency phase error of the transmitted signal, which is not 
easily to be extracted and eliminated. ISLRr equals 
10log10(10–35.2/10+ 10–17.3/10) = –17.23 dB, as shown in the 
last item of Tab. 2. The value of ISLRr does not reach the 
level which will produce serious deterioration in the image 
quality. Considering ISLRa, difficulty in sensing the high-
frequency phase errors requires a better motion compensa-
tion algorithm. According to the quantitative analysis of 
the noise, it is found that all the noise components except 
the ADC strong spurious noise are sufficiently small to 
have marginal or limited influence on the image quality. 
Therefore, the suppression of the ADC strong spurious 
noise is investigated in this study. 

4.1 Strong Spurious Noise Suppression 

The suppression of the ADC strong spurious noise is 
performed based on a monolithic, dual-channel ADC 
AD9648 and a FPGA XC6VLX75T in this study. The two 
channels of ADC, which are denoted by channel A and B, 
are configured as the same operation mode. Their front-end 
devices, including the operational amplifiers, resistors, and 
capacitors, have the same models and parameter values. 
Moreover, their printed circuit board (PCB) layouts are 
similar as well. When an FMCW SAR works, the two 
channels simultaneously receive and sample the dechirped 
signal. Based on (6), the strong spurious noises of channel 
A and B are expressed by 

   A s sp A s s A( ) cos 2 ( )n nT C f nT nT   ,   (15) 

   B s p B s s B( ) cos 2 ( )sn nT C f nT nT      (16) 

where Ts is the sampling period, and fA(nTs) and fB(nTs) are 
the strong spurious noise’s frequency of channel A and B, 
respectively. A and B are their initial phases. For simplic-
ity, we drop Ts in the following sections. The characteristic 
of fA(n) and fB(n) is as described in Sec. 3.1.2, whereas, 
their values are different. 
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The signal is sampled by two channels of ADC at the 
positive and negative edges of the clock, respectively. The 
outputs of channel A and B are expressed by 

 A A A_r( ) ( ) ( ) ( )s n s n n n n n   ,  (17) 

 B B B_r( ) ( ) ( ) ( )s n s n n n n n     (18) 

where s(n) is the sampled data of the ideal signal. nA_r(n) is 
the noise of channel A except nA(n), and nB_r(n) is the noise 
of channel B except nB(n).  

Because the sampling frequency is 100 MHz, the 
sampling time interval between the two channels is only 
5 ns. Therefore, the sampled dechirped signals of the two 
channels are similar. Based on this consideration, the 
method for the elimination of the strong spurious noise is 
proposed. The block diagram of the noise suppression is 
shown in Fig. 5. The FPGA is the kernel for implementing 
strong spurious noise suppression. 

The noise suppression is divided into four series 
modules, as shown in Fig. 5. In the module 1, the FFT of 
the two channels’ output signals is firstly performed. Two 
RAMs before the FFT operation are used because of the 
difference between the sampling frequency and the clock 
frequency of the FFT operation. Then the spectrum of 
channel A’s output subtracts that of channel B’s output 
yielding 

s A B

A A_r B B_r

A A_r B B_r

( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

N k S k S k

S k N k N k S k N k N k

N k N k N k N k

 
     

   

(19) 

where SA(k), SB(k), NA(k), NB(k), NA_r(k), NB_r(k), and S(k) 
are the spectrums of sA(n), sB(n), nA(n), nB(n), nA_r(n), 
nB_r(n), and s(k), respectively. k = 1,2,…, N, and N is the 
data size of FFT operation. 

Then, the frequency of channel A’s strong spurious 
noise is extracted in the module 2. The detailed flow is 
shown in Fig. 6. The amplitude of Ns(k) i.e., Ns(k) is 
calculated using the CORDIC IP core [25]. In Ns(k), the 
frequencies at which the amplitudes of NA(k) and NB(k) 
equal their maximum value are fA and fB, respectively. 
Because the amplitudes of NA(k) and NB(k) at fA and fB are 
much larger than those of other noise components at the 
two frequencies. Therefore, Ns(k) has two sharply peaked 
spectrums at fA and fB. Moreover, it is known from 
Section 3.1.2 that the amplitude of ADC spurious noise is 
time invariant. fA and fB are the frequencies, where the 
value of Ns(k) equals the threshold value corresponding 
to the –58 dB spurious noise. So fA and fB can be easily 
extracted by comparing the value of Ns(k) with the 
threshold value. 

After obtaining fA and fB, the signal processor does 
not know which frequency belongs to channel A at the 
moment. A frequency judgment is made based on the regu-
larity that the frequency of the ADC strong spurious noise 
drifts slowly and continuously. Therefore, a frequency 
being approximate to fA in the last measurement belongs to 

channel A. To obtain the initial value of fA, denoted by fA0, 
the input of module 2 is changed to the FFT result of the 
channel A’s noise, i.e., no signal in the input of channel A, 
and output is the desired frequency, as shown in Fig. 6. 
This is done before the FMCW SAR starts to receive signal. 

In module 3, Ns(k) is band-pass filtered using a rect-
angle window to obtain the approximation of NA(k), de-
noted by N̂A(k). That is, 

 s A s
A

( ) /ˆ ( )
0 else

N k k Nf f
N k


 


.   (20) 

A RAM, denoted RAM3, is to buffer Ns(k) during the 
operation of module 2. 

Then in module 4, N̂A(k) is subtracted from SA(k) 
which yields the desired signal 
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  (21) 

The IFFT of ŜA0(k) is performed to obtain the 
dechirped signal without the strong spurious noise. Be-
cause NA_r(k) and NB_r(k) are all uniformly distributed 
noises, and have the same levels, the result is expressed by 

 Ao A_r( ) ( ) ( )s n s n n n  .  (22) 

A RAM, denoted RAM4, is to buffer SA(k) during the 
operation of module 2 and module 3. It can be seen from 
(22) that the strong spurious noise of channel A i.e., nA(n), 
is eliminated. At last, sAo(n) is transferred to the DSP for 
real-time imaging. 

For the noise suppression of the FMCW SAR, the 
most concern is about the suppression level at the fre-
quency of the strong spurious noise. It can be obtained 
from (21) that the suppression level at fA is 
NB(k) /NA(k), where k = NfA/fs. At fA, NB(k) is suffi-
ciently small in comparison with NA(k). Therefore, the 
noise suppression level of this method should be very high. 

Then the speed, resource occupancy and precision of 
the noise suppression are analyzed. All the operations of 
noise suppression shown in Fig. 5 are performed in the 
pipelining way. The most time-consuming is the FFT oper-
ation with N of 4 K. The measured time consumption of the 
FFT operation for 4 K data is 33.23 s with the clock fre-
quency of 250 MHz, which is shorter than the time for 4 K 
data generation, i.e., 4K/(100M) = 40 s. Therefore, the 
spurious noise suppression can be performed in real time. 

The resource occupancy for implementing noise sup-
pression is listed in Tab. 3. As the block RAMs and 
DSP48E1 slices are the most important resources, they are 
mainly considered. It is evident that the FPGA is fully 
competent for the noise suppression from perspective of 
resource occupancy. 
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Fig. 5.  Block diagram of noise suppression. 
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Fig. 6.  Extraction flow for the frequency of channel A’s strong spurious noise. 

 
 

 Block RAMs (18 Kb) DSP48E1 Slices 
Resource occupancy 43 48 
FPGA resource 312 288 
Occupancy ratio 13.78% 16.67% 

Tab. 3.  Resource occupancy for noise suppression. 

Considering the precision of result, the data widths of 
fixed point calculations are all 14 bits. The increased 
power consumption for the noise of each calculation is  
2–214/(1250) = 6.2  10–12 W [10]. As shown in Fig. 5, 
there are four series calculation. The total increased power 
consumption is 6.2  10–12  4 = 2.48  10–11 W, which is 
two order of magnitude lower than the power of ADC 
strong spurious noise shown in Sec. 3.1.2. Therefore, the 
precision is high enough. 

4.2 Effectiveness Validation 

To evaluate the effectiveness of the proposed noise 
suppression method, a simple experiment is performed 
before the method is used in the image processing. The 
experiment is now described in detail. 

The ADC input is from an external source (model 
number AWG70000) and the other operations are the same 
as those in the working order of the radar system. It is 
noted that the proposed noise suppression method in 
Section 4.1 is  used in the experiment.  The  input  signal is 
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Fig. 7. Effectiveness validation: (a) Channel A’s spectrum;  
(b) Channel B’s spectrum; (c) Subtraction of channel 
A’s spectrum from that of channel B; (d) Spectrum 
after noise suppression. 
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a single-frequency signal with a frequency of 12.5 MHz 
and amplitude of –38 dB. The full scale of ADC is 1 V and 
is normalized to 0 dB. Figures 7(a) and (b) denote the spec-
trum of the output signals of channel A and B, respec-
tively. It is shown that the amplitudes of the strong spuri-
ous noises of channel A and B are –57.70 dB and  
–57.80 dB, respectively; the corresponding frequencies are 
6.46 MHz and 43.11 MHz, respectively. Then the spectrum 
of channel B’s output signal is subtracted from that of 
channel A’s output signal. The amplitude of the result is 
shown in Fig. 7(c). It is found that there are two strong 
signals with the same frequency and amplitude as the ADC 
strong spurious noises in Fig. 7(a) and (b). In addition to 
the two strong signals, there is a strong signal with a fre-
quency of 12.5 MHz due to the accuracy errors of the resis-
tors that control the amplification of the input signals of 
channel A and B. Figure 7(d) shows for the spectrum of the 
signal after noise suppression. There is only a strong signal 
with the frequency and amplitude of 12.50 MHz and  
–38.00 dB, respectively. The amplitude of the spectrum at 
the 6.46 MHz is –95.05 dB, which is 37.35 dB lower than 
the strong spurious noise. As shown in (21), besides the 
residual terms NB(k) after noise suppression there is the 
term NB_r(k) at the 6.46 MHz. Because NB(k) at the 
6.46 MHz is so small that it is difficult to measure the real 
noise suppression level which is NB(k) /NA(k). However, 
the suppression level of 37.35 dB has already demonstrated 
an excellent noise suppression effect in this FMCW SAR. 

5. Experimental Validation 
Figure 8(a) denotes the printed circuit board (PCB) of 

the signal processor [24]. The noise suppression is per-
formed in the red marked devices and area. An airborne 
test campaign was performed with the FMCW SAR sys-
tem. As shown in Fig. 8(b), the FMCW SAR system was 
mounted on a light airplane [23], [24]. The altitude of the 
plane is 500 m. 

To measure the ISLR, several corner reflectors were 
placed on an airport. The RCS of corner reflectors, denoted 
by RCSCR, are approximately to their maximum value of 
18.79 dBsm. The imaging results with the corner reflectors 
are shown in Fig. 9(a). The imaging scene is 
400 m × 350 m (range × Azimuth). Corner reflectors from 
T1 to T7 in Fig. 9(a) are seven point targets. The range and 
azimuth profiles of corner reflector T2 are shown in 
Fig. 9(b) and Fig. 9(c), respectively. The peak response of 
the reflector return is normalized to 0 dB. The average 
ISLR of seven reflectors are calculated and listed in Tab. 4. 
The measured ISLRr in Tab. 4 is approximately to its theo-
retical value, as shown in Tab. 2. The measured ISLRa is  
–21.76 dB due to the residual, high-frequency phase errors 
that were not all eliminated by the motion compensation 
algorithm. According to [10], a serious deterioration in the 
imaging results will be caused when the ISLR in azimuth is 
higher than –20 dB [10]. Fortunately, the measured ISLRa 
of an FMCW SAR is smaller than –20 dB. 

FPGA

ADC

AB

 
(a) 

 
(b) 

Fig. 8.  Configuration of the test campaign: (a) PCB of the 
signal processor; (b) SAR system mounted on a light 
airplane. 

 

Noise component Measured result 
ISLRr –17.10 dB 
ISLRa –21.76 dB 

ADC strong spurious noise –15.83 dB (970 m) 

Tab. 4. Measured results of the noise components. 

The value of the receiver thermal noise is sufficiently 
small, which has marginal influence on the image quality. 
Therefore, it is not measured in this study. 

Measurement of the ADC strong noise uses the SAR 
data of a quiet lake and the surrounding area where the 
optical imagery and SAR imagery are shown in Fig. 10(a) 
and 10(b), respectively. The optical imagery is obtained 
from Google Earth. The imagery covers areas of 
475 m × 620 m (range × azimuth) island. It is noted that 
the proposed noise suppression method is not used when 
the SAR imagery in Fig. 10(b) was generated. Because the 
real RCS is required in measuring the noise level, the RCS 
calibration is performed in Fig. 10. The real signal intensity 
normalized to 0 dB in Fig. 10 is equal to that in Fig. 9. The 
corresponding RCS of the peak response of the reflector’ 
imagery, i.e., 0 dB, is 18.79 dBsm. 

The sub-image circled by the red rectangle in 
Fig. 10(b) denotes the imaging results of the scene contain-
ing the ADC strong spurious noise. It is shown that a visi-
ble curve is present at the range of approximately 970 m, 
which originates from the ADC strong spurious noise. This 
curve significantly affects the imagery of the targets, espe-
cially that of the low-return areas, such as the lake. The 
calculation of σsp is now introduced in detail. 

Firstly, the signal intensity of the curve is calculated. 
The average energy of the curve in the upper lake of 
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Fig. 10(b) is denoted by PNs_r. It contains the energy of the 
ADC strong spurious noise, the water reflection, the addi-
tive white noise, and the multiplicative noise. Because the 
average energy of the last three noise components is appro-
ximately equal to that of the surrounding area in the lake, 
which is denoted by Pr. So, the energy of the ADC strong 
spurious noise is 

 
(a) 

 
(b) 

 
(c) 

Fig. 9.  Imaging results: (a) Imaging results; (b) Profiles in 
range [23]; (c) Profiles in azimuth [23]. 

 
(a) 

 
(b) 

 
(c) 

Fig. 10. Imagery of an island: (a) Optical image. (b) SAR 
imagery. (d) SAR imagery after noise suppression. 

 sp r Ns_r 43.10P P P     dB.  (23) 

The signal energy of the imagery is inversely propor-
tional to R3sinα [10]. So the energy of the corner reflectors 
is 
  3

CR CR CR CR= / sinP RCS R    (24) 

where K is a constant related to the parameters of the 
FMCW SAR, RCR and αCR are the slant range and the pitch-
ing angle of the corner reflector, respectively. RCSCR  is the 
RCS of the corner reflector, which is [10] 



590 H. TIAN, W.G. CHANG, X.Y. LI, Z.H. LIU, STRONG SPURIOUS NOISE SUPPRESSION FOR AN FMCW SAR 

 / sinCR CR a r CRRCS      (25) 

where σCR is the backscatter coefficient of the corner 
reflector. So 

  CR CR CR a rsin /RCS     . (26) 

Equation (24) can be submitted to (26), the result is 

    23
CR CR CR CR a rsin /P R K    . (27) 

Therefore, σsp is 

    23
sp sp sp p a rsin /sP R K     (28) 

where Rsp and αsp are the slant range and the pitching angle 
of the curve. So 
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(28) 
The theoretical value of σsp at 970 m is approximately 

equal to –17.32 dB, which is obtained using (12). There-
fore, the measured value is approximately 1.51 dB larger 
than the theoretical value. There are two probable reasons 
for this result. There may be manufacturer errors in the 
triangle reflectors, which could result in a decrease of 
RCSCR. Or there may be the position errors of the reflectors 
in the experiment, because the maximum difference in the 
signal intensity of ten reflectors is 1.40 dB which is ob-
tained from the data in Fig. 9. Therefore, the real RCSCR is 
less than 18.79 dBsm. 

To evaluate the effectiveness of the proposed method, 
the proposed noise suppression method is used in another 
airborne test campaign. The SAR imagery is shown in 
Fig. 10(c). No curves are shown in the image. However, 
using other detection methods, the ADC strong spurious 
noise exist in the scene during the experiment. Therefore, 
this experimental result shows that the proposed noise 
suppression method is valid. 

6. Conclusion 
This study is to specify, evaluate and reduce the noise 

level of a new FMCW SAR system. First, the theoretical 

derivation of the system’s noise level is performed. Then, 
based on the result of the quantitative analysis, the FFT 
based noise suppression method is proposed to eliminate 
the ADC strong spurious noise, adopting an ADC and 
a FPGA. Finally, using the real Ku-band FMCW SAR data, 
the levels of the noise components are measured, and the 
effectiveness of the method of the noise suppression is 
validated. The results of this study shows that the measured 
noise levels coincide with the theoretical noise levels, and 
the proposed method effectively eliminates the ADC strong 
spurious noise.  

It is well known that the sinusoidal interference or 
NBI is a common problem in different applications. The 
suppression for this type of interference is oriented towards 
the application, and the concerns of different applications 
may vary. Compared with other noise suppression 
methods, we focus on the noise suppression level at the 
frequencies of strong spurious noise. The feasibility of our 
method is validated by experiment, and the performance 
comparison with other methods shall be arranged as future 
works. 
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