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Abstract: Passive Global Navigation Satellite System (GNSS)-based Synthetic Aperture Radar
(SAR), known as GNSS-SAR, is a new passive radar imaging system. However, compared with
conventional SAR, range resolution of GNSS-SAR is significantly lower. To improve range resolution
of GNSS-SAR is an interested topic for investigation. In this paper, a novel range compression
algorithm for enhancing range resolutions of GNSS-SAR is proposed. In the proposed scheme,
at first, range compression is conducted by correlating the received reflected GNSS signal of
intermediate frequency (IF) with the synchronized direct baseband GNSS signal in range domain.
Then spectrum equalization is applied to the compressed results to suppress side lobes. Both
theoretical analysis and simulation results have demonstrated that significant range resolution
improvement in GNSS-SAR can be obtained by the proposed range compression algorithm,
compared to the conventional range compression algorithm.

Keywords: GNSS-SAR; global navigation satellite system; synthetic aperture radar; range
compression; range resolution

1. Introduction

Passive GNSS (Global Navigation Satellite System)-based SAR (Synthetic Aperture Radar),
known as GNSS-SAR, is a developing synthetic aperture radar (SAR) technique for remote sensing in
recent years [1,2]. Unlike conventional SAR techniques, GNSS-SAR is a passive SAR receiver which
uses the signals from Global Navigation Satellite System (GNSS) such as GPS, Galileo, GLONASS
or Beidou as transmission of opportunity. Due to the fact that there is no need to construct SAR
transmitter, GNSS-SAR has a higher flexibility together with lower expenses than conventional SAR
under various applications. However low range resolution is one of the main problems that affects
the current development of GNSS-SAR [1,2,13,14,16].

With the conventional GNSS-SAR imaging algorithm which includes both range and azimuth
compression, range resolution is determined by signals bandwidth and bi-static angle for sensing
while azimuth resolution is determined by Doppler frequency shift[1-12,14,15,17]. But in a numbers
of typical literature such as [1-12,14,15,17], the system is considered as quasi-monostatic case, which
means the bi-static angle can be regarded as zero. Thus the range resolution is merely determined by
signal bandwidth among these works. Concerning the value of range resolution, it is proportional
to the reciprocal of doubled signal bandwidth value, and for GNSS signals, the bandwidth value is
equal to the Pseudo-Random Noise (PRN) code chip rate[1,2]. Because the chip rate of GPS C/A
code, P code and GLONASS P code are 1.023MHz, 10.023MHz, and 5.11MHz respectively, the range
resolutions can be obtained at the levels 150 m, 15 m and 30 m, respectively; for full band Galileo
E5 signal, the PRN code chip rate is 51.150MHz, thus the range resolution is achieved at 3 meters
level [1-12,14,15,17]. Looking at the azimuth resolution of GNSS-SAR, the level less than 1 meter
can be achieved [1,2]. Compared with traditional SAR [18-20], the range resolution of GNSS-SAR
is significantly lower. To improve the range resolution, various methods have correspondingly been
proposed, such as the use of multi-statistic image processing and feature extraction of scene center
[13,14] and [16].
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However, a shortcoming of the approaches [13,14,16] is that multi-statistic image processing
method is time consuming as they are applied after generating multiple full GNSS-SAR images.

The main contribution in this paper is to propose a new range compression algorithm for
GNSS-SAR signal processing to improve range compressed resolution. In the proposed algorithm,
the received intermediate frequency (IF) reflected GNSS signal is correlated with the synchronized
direct baseband GNSS signal at range domain for each azimuth bin for range compression. Then
spectrum equalization [11] is applied to suppress side lobes of the compressed result to enhance
range resolution.

The rest of the paper is organized as follows. Resolution of the conventional range compression
algorithm is analyzed in section 2. Resolution of the proposed range compression algorithm is
analyzed in section 3. The simulation tests are provided in section 4. Section 5 discusses the future
development of this research and Section 6 provides conclusions of the paper.

2. Resolution of The Conventional Range Compression Algorithm

Based on the analysis in [1-4,9-12,14,16], the overall view of the conventional range compression
algorithm at GNSS-SAR receiver can be illustrated as Figure 1.
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Figure 1. The conventional range compression algorithm.

In Figure 1, under the conventional range compression algorithm, both direct and reflected
signals are quadrature converted to IF (Intermediate Frequency) band by multiplying the component
exp (—j2m - (fe — fip) - t) at first, where f. denotes the transmission frequency, fir denotes the
intermediate frequency (IF) of the employed GNSS receiver, & denotes the multiplication and ®
denotes the correlation.

The received IF signals (both direct and reflected signal) are further down converted to baseband
by multiplying the component exp (—j27 - fir - t). The down converted baseband direct signal can
then be expressed as

Sq, (tbu) = Ay (t,u)C[t—7(u)] D[t —1(u)]
xexp (j (27tfa -t + ¢a (1)) @
+ny(t,u)
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and reflected baseband signal can be expressed as
S, (L) = A (Lu)Clt— 1 (1) — 1R (1))
<Dt =7 (1) ~ 1 (1) o

xexp (j (27t fy -t + ¢r (u)))
+n, (Hu).

where A; and A, denotes magnitudes of the direct and reflected signals respectively; C (-) denotes
PRN code; D (-) denotes the navigation bits; ¢ denotes the range domain; u denotes the azimuth
domain; T denotes the received direct signal delay relative to the transmitted signal; T denotes the
received reflected signal delay relative to the direct signal; f; denotes Doppler frequency; ¢; denotes
direct signal phase, and ¢, denotes reflected signal phase, which can be regarded as constant values
within each range domain; j denotes the symbol of complex number; 7n; denotes the background
noise at direct channel and #, denotes the background noise at reflected channel.

Thereafter signal synchronization based on received direct IF signal as (1) is performed, and the
synchronized direct baseband signal is severed as imaging matched filter, which can be modeled as
follows

sm(t,u)=C[t—71 ()] D[t —7(u)] xexp (j2rtfs-t). 3)

Range compression is conducted through correlating baseband reflected signal s,, with imaging
matched filter s, at range domain, which result with respect to the noise absence term can be
expressed as follows.

Sry ® Sy

=Ar - A (t— (1) — T (1)) x exp (i () @

where A () indicates triangle function and its duration is determined by PRN code chip rate of
GNSS signal; * denotes the conjugate. In (4), because s;, and s;; are with the same frequency f;, the
frequency component after performing range correlation for the compression is canceled. Assuming
the chip rate of PRN code C (-) is B, then the half pulse duration of the triangle function A (-) is
derived as 5. Because the terms A, and exp (j¢r (1)) are constants with respect to f, the duration of
(4) will be determined by the term A (-). Thus the attainable range resolution with respect to pulse
duration can be expressed as [1-4,6-11,14,17]

[

O, = 2-cos(B/2)-B

©)
where ¢ denotes transmission velocity of GNSS signal, B represents bi-static angle and Jg, represents
the achievable range resolution by the conventional algorithm. According to (5), it can be seen that
for the conventional range compression algorithm in GNSS-SAR, if bi-static angle B is fixed, the range
resolution improvement can only be accomplished by employing GNSS signals with a higher PRN
code chip rate C (-).

3. Resolution of The Proposed Range Compression Algorithm

However according to [21], we can derive that for quadrature modulated signals of exp (j (-))
shape, if the two signals for performing correlation have the same basedband components shaped as
rectangular function but different frequencies, compared the case with the same frequencies, pulse
duration of the correlated result will be shortened in the main lobe. Inspired by this, to develop
a universal scheme for improving range resolution among GNSS-SAR, a new range compression
algorithm is proposed, which is modeled in Figure. 2.

In Figure 2, the signals (both direct and reflected) are converted to IF band at front end GNSS
receiver as well. But comparing with the conventional range compression algorithm, the proposed
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Figure 2. The proposed range compression algorithm.

new algorithm directly uses the received reflected IF GNSS signal to correlate with the synchronized
direct baseband signal s, at range domain for performing range compression, where the reflected IF
GNSS signal s; () is given as follows

sp(t,u) =A (Lu)Clt—t(u)— 1R (1))
XDt — T () - T (1)

. 6
xexp (] 27 s + ) 1+ - (1)) ©
+n, (tu).

And the intermediate range compressed result can be expressed as follows
Sr ® sy,
= Ar- A(t = () = & (1)) )

xexp (j (27tfip -t + ¢r (u))) -

Based on the intermediate range compressed result (7), to suppress the compressed side lobes,
spectrum equalization [11] is performed. Concerning applying spectrum equalization technique in
this paper, the detailed procedure in the module ‘Spectrum Equalization” in Figure 2 can be further
presented as Figure 3.

As we can see that in Figure 3, Fourier transform of intermediate range compressed signal as (7)
is conducted. The transformed result is expressed as follows

]:[Sr®521]
- OT’lA,-A(t—T(u)—TR(”))
xexp (j (27 fip - t + ¢r (1)) (8)

xexp (—j2mw - t) dt

= Ar-exp (j¢r (u))
xsinc? (271 (fip — w))

where T denotes one GNSS PRN code period; w denotes the frequency range of the triangle function
A (+) in (7) with an interval of [—B, B]. Meanwhile spectrum equalization window is designed, which
is based on the reciprocal of the spectrum with respect to the correlation between the synchronized
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Figure 3. The proposed range compression algorithm.

direct IF signal s, and the synchronized direct baseband signal s;,. In Figure 3, the synchronized
direct IF signal is given as follows

S (tu) = Clt=T(u)] D[t =7 (u)]

xexp (j (27tfie + 1) - 1 ©

the correlated result between s, and s, is given as

*
Smp ® Sy

= A(t =T () x exp (27fig - 1) (10)

and the spectrum of the correlated result is the Fourier transform of (10), which can be expressed as
F [smp ® 5] = sinc® (271 (fig — w)) - (11)

Then the equalization window is designed as follows

1 _ 1 _
W — { o] ~ nc@nG—ayy Whenwel-B/B]. 12)
0, Otherwise

The key step of spectrum equalization is performed as follows

Flsr®sh] xW
_ JA;-exp (j¢r (1)), when frequency € [fir — B, fir + B] (13)
o 0, Otherwise ’

The equalized result is a rectangular function at frequency domain, where the rising edge appears
at the frequency fip — B and the falling edge appears at the frequency fir + B. And due to the fact
that spectrum equalization is conducted at frequency domain, side lobes of the reflected signals at
different range positions can be suppressed simultaneously.

To obtain the final range compressed signal, Inverse Fourier transform based on the spectrum
equalized result shown in (13) is conducted. To extract the sharper pulse duration component, the
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lower frequency component fig — B is filtered out. The final range compressed signal of Figure 2 and
Figure 3 is expressed as follows

FHF [sr®sy] x W}
= Ar-exp (jgr (u)) - (fir + B) (14)
xsinc 271 - (fip + B) - (t — T (u) — TR (u))].

In (14), the pulse duration is determined by the component fir + B of the sinc (-) function term,
and can be derived as Jﬁ. Thus the attainable range resolution with regard to pulse duration is

expressed as
c

O’ = 3 cos (B/2) - (fir + B)

where 6, denotes the range resolution obtained by the proposed algorithm. It can be seen that (15) is
m times superior than (5) provided by conventional range compression algorithm. Meanwhile,
from (14), we can see that the reflected magnitude and phase information are still preserved.

However GNSS receivers have their certain sampling frequencies, which should be considered
when determine the IF value for performing range compression. Denoting the sampling frequency
of GNSS receiver as fs, according to sampling theory [22], the condition fir + B < % fs should be
satisfied. And to make the proposed algorithm because effective, the condition fir + B > B should
be satisfied at the same time as well. Therefore, all in all, the determination of fir value should satisfy
the following constraint

(15)

0< fir < 3f— B (16)

Finally, azimuth compression is conducted for forming the full GNSS-SAR image based on (14)
with different phase value ¢, (1) in azimuth domain.

4. The Simulation Experiment

To test the proposed algorithm for enhancing range resolution, simulations of the GNSS-SAR
based on the standard GPS C/ A code signal receiver configuration of ground moving mode is carried
out in this section as examples. Since GPS receiver works in ground moving mode, the field of version
(FOV) is mostly in horizontal, which can be considered as quasi-monostatic, the bi-static angle B can
be considered as zero [2]. Thus range resolutions of the conventional algorithm and the proposed
algorithm are expressed as

’ C
O, = 5B 17)
e Sy = — ¢ (18)
Ry ™ 2. (fIF—I-B)

respectively. The parameter values of the standard GPS C/A code receiver is given in Table 1.

Table 1. The parameter values of the standard GPS receiver configuration based GNSS-SAR

Parameters Values
Supported signals type GPS C/A code signal
PRN code chip rate B 1.023 x 10°Hz
Signal transmission frequency f. 1575.42MHz (L1 band)
Signal transmission speed c 3 x 10%m/s
Number of samples in
each code period 16368 samples

Sampling frequency 1.6368 x 10"Hz
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Based on the sampling frequency value in Table 1 and the constraint (16), two different IF
frequencies fip, = 2.092 x 10°Hz and fir, = 5.115 x 10°Hz are employed in the simulation
tests. Theoretically the range resolution for the conventional algorithm can be achieved at 55 =

% ~ 150 m, while with the proposed algorithm in this paper, the resolution can improved to
3x108 3x108

2'(f1;+B) ~ 2x(2092x10541.023x10°) fHC:+B) ~ 2% (5.115x106+1.023x 10°)
fir, respectively. The verdict will be verified by the result with respect to range compressed pulse and
the corresponding point spread function [11] shown in Figure 4.

From Figure 4, we can see that based on a standard GPS C/A code signal receiver, the range
compressed pulse based on the proposed algorithm is around 3 times thinner and 6 times thinner
than the conventional algorithm with fir, and fir,, respectively.

~ 50 m and PN ~ 25 m for fip, and

To verify the proposed range compression algorithm, a simulation test is carried out. The
simulation experiment is set out as shown in Figure 5.

In Figure 5, four strong reflection surfaces with 400 m long and 20 m width are arranged with
200 m along the azimuth direction and 108 m with the range direction. The direct and reflect signal
antennae are moving along the azimuth direction with a constant speed to perform aperture synthetic.
The GPS data are simulated using parameters listed in Table 1. Based on the considered scenarios, the
GNSS-SAR images generated by both the proposed range compression scheme and the conventional
range compression scheme are shown in Figure 6.

As can be seen in Figure 6(a) and (b), due to the fact that the proposed scheme can offer a
superior range resolution, the four scattering areas in Figure 5 can be well separated. Through the
comparisons, Figure 6(b) has a less range ambiguity because a higher IF value is employed at the GPS
receiver. In Figure 6(c), the two scatters located at different range domain cannot be separated on
the GNSS-SAR image with the conventional range compression algorithms as the resolution of this
approach is 150 m according to (17) with B = 1.023 MHz.

In summary, the simulation results in this section has demonstrated that the proposed range
compression algorithm can provide a superior range resolution than the conventional range
compression algorithm.

Furthermore through tests, the proposed range compression algorithm is also applicable for the
GNSS-SAR receiver based on the other GNSS signals of opportunity. Since for most GNSS signals
receiver, the IF values are typically higher than the baseband frequency (which equals to PRN code
chip rate), a superior range resolution should be achieved by employing the proposed algorithm.
However because GNSS receivers differ in the PRN code types and IF values for signals receiving,
the achievable range resolutions after improving will be different.

5. Discussion

Although the proposed algorithm can significantly improve range resolution of GNSS-SAR,
according to Figure 4 to Figure 6, it can be seen that the magnitude decreases with respect to fip
values. This is because when performing spectrum equalization, Signal-to-Noise Ratio (SNR) will
decrease with respect to the selected cutoff frequency [11].

Meanwhile due to the fact that spectrum equalization is employed, range compressed delay
of the proposed algorithm is supposed to be higher than convention range compression algorithm.
According to machine running time, range compressed delay per azimuth bin with respect to the two
algorithms is given as Table 2.

Table 2. The average range compressed delay per azimuth bin

The conventional The proposed range compression The proposed range compression
range compression algorithm  algorithm with fip, = 2.092MHz  algorithm with fir, = 5.115MHz

0.00425 s 0.13308 s 0.16558 s
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(a) Range compressed pulse based on the conventional range compression algorithm;

(b) Range compressed pulse based on the proposed range compression algorithm with fir, =

2.092MHz; (c) Range compressed pulse based on the proposed range compression algorithm with
fir, = 5.115MHz; (d) The point spread function of (a); (e) The point spread function of (b); (f) The
point spread function of (c).
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Figure 6. (a) GNSS-SAR image generated by the proposed range compression algorithm with fip, =
2.092MHz; (b) GNSS-SAR image generated by the proposed range compression algorithm with fg,
5.115MHz; (c) GNSS-SAR image generated by the conventional range compression algorithm.
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As we can see that in Table 2, range compressed delay increases with respect to IF value as well.

Therefore in our future work, we would like to develop a mechanism for selecting the optimal
IF value for GNSS-SAR receivers to trade-off among range resolution, range compressed SNR and
compressed delay together with corresponding field experimental studies.

6. Conclusions

In this paper, a novel range compression algorithm for enhancing the resolution of GNSS-SAR
is proposed. In range compression, the received reflected IF GNSS signal is correlated with
the synchronized direct baseband signal in range domain for each azimuth bin. Then side
lobes of the range compressed result are suppressed by a proper designed spectrum equalization
window. Both theoretical derivation and simulation results have demonstrated that the proposed
range compression algorithm can provide a superior range resolution than the conventional range
compression algorithm in GNSS-SAR. At the same time, the proposed algorithm can improve range
resolution without the need for generating full preliminary images.

Acknowledgments: The research was substantially by funded by the grants from The National Key Research
and Development Program of China (No. 2016YFB0501803).

Author Contributions: Yu Zheng proposes the idea, conducts the theoretical derivation, simulations as well
as carries out writing the paper. Yang Yang helps to discuss the related technical issues. Wu Chen revises the
manuscript.

Conflicts of Interest: The authors declare that there is no conflict of interests.

Abbreviations

The following abbreviations are used in this manuscript:

GNSS Global Navigation Satellite System
GPS Global Positioning System

SAR Synthetic Aperture Radar

IF Intermediate Frequency

SNR Signal to Noise Ratio

C/A code Coarse Acquisition Code

P code Encrypted Precision Code

FOV Field of Version
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