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This work was carried out to improve the probability of interception of frequency sweep and lower the
system complexity of non-sweep mode of the electronic intelligence system for frequency agile radar
signal. A low complexity receiver structure and its associated demodulation algorithm with high
probability of intercept are also presented. Moreover, the applicability of this structure for the wideband
radar signal is demonstrated. First, the received signal is modulated by analog signal and treated as the
local oscillator to move the local signal with different Nyquist zone into the baseband to extract the zone
information. Then, the digital local oscillator synchronized with the analog modulation is used to
reconstruct the demodulated sub-sampling signal. Finally, the zone and sub-sampling signhal could be
used to estimate signal parameters by the classical signal processing methods. Simulation results show
that when the signal to noise ratio is more than -16 dB, the probability of correct decision for the Nyquist

zone is better than 90%.
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INTRODUCTION

Frequency agility (FA) signal is also known as frequency
hopping (FH), which is widely used in communications,
radar, sonar and other fields because of its good
performance in anti-interference, and low possibility for
intercept (Fan et al., 2008). In the field of radar, FA has
been widely researched. Chen (2008) used the FA
waveform in multiple-input and multiple-output (MIMO).
Maric et al. (1994) applied Costas arrays in spread
sequence (SS)/FH multi-user radar and sonar systems.
Scholand et al. (2005) proposed the idea of FA combined
with orthogonal frequency-division multiplexing (OFDM),
and showed its good performance. Cupido et al. (2006)
reported that Homodyne sweep system can cover the 18
to 100 GHz, and the hop size could be as wide as GHz in
the new millimeter-wave frequency agile system. Hunt
(2009) realized FA radar in 0.5 to 2 GHz, and the
performance is fine.

In electronic countermeasures, the intercept and
analysis of FA signal have always been a hot topic. Current
researches are mainly focused on the digital signal
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processing after direct sampling or sub-sampling. The
common ways of intercept are channelized receiver (Li et
al., 2009) and time-frequency analysis (Hao
and Papandreou-Suppappola, 2006). Meanwhile, many
scholars did the researches on the parameter estimation
of FA (Angelosante et al., 2010; Aziz et al.,, 2006;
Barbarossa et al., 1997; Chung et al., 1995; Gui et al.,
2011; Lam et al., 1990). However, the carrier frequencies
of FA are generally controlled by the pseudo-random code,
and the hop size may be several GHz. The frequency is
constantly hopping which makes the interception difficult.
If we cannot intercept FA properly, it would be meaningless
for the following signal processing. Assuming the
frequencies of radar are hopping in the range of several
hundreds of MHz to 18 GHz, we would need more than 10
channels for the whole probability reconnaissance
according to the current speed of ADC. If we adopt the way
of frequency sweep, the complexity of the equipments
could be reduced, while the probability of interception
cannot be guaranteed. It is a difficult problem in the
electronic countermeasures on how to realize the high
probability of interception of a wideband or ultra wideband
FA signal with low system complexity.

Driven by the idea of compressed sensing (CS), Fudge
proposed Nyquist folding receiver (NYFR) and
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Figure 1. Block diagram of SNYFR.

reconfigurable direct RF bandpass sampling receiver
(RDRFBSR) (Fudge et al.; 2008a; Fudge et al., 2008b).
The two types of receiver are similar and overcome the
disadvantages of the traditional sub-sampling technique
that can only aim at a particular Nyquist sampling zone.
The main idea of Fudge is that the Nyquist zone could be
mapped to a parameter of the signal by performing extra
analog modulation on the received signals, and then we
can sample the received signal with added Nyquist zone
information. By changing the mode of analog modulation
and the channel number, we can achieve the whole
probability interception of a wideband or ultra-wideband
signal in one channel without using frequency sweep.
However, the structures of NYFR and RDRFBSR are
easily affected by noise at the zero crossing rising (ZCR)
time when controlling the clock of shape pulse by using a
full analog structure for wideband modulation. Besides,
there is no structure for synchronization in NYFR or
RDRFBSR, and the initial phase of the signal is lost. In
addition, the efficient demodulation of the output of NYFR
and the applicability of the structure for other kinds of radar
signal interception need further study.

This paper presents an improved structure marked as
synchronous NYFR (SNYFR) to realize the interception of
FA signal and shows the algorithm for the estimation of
Nyquist zone. We provide a new way of the interception of
FA and demonstrate the general applicability of SNYFR on
the other wideband radar signals.

SYNCHRONOUS NYQUIST FOLDING RECEIVER
Structure for SNYFR

The structure of SNYFR is shown in Figure 1. The input
signal is FA, and the agile range is from several hundreds

of MHz to 18 GHz. To facilitate the follow-up derivation
rigorously, we assume the input analog signal has been
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preprocessed into 1/Q signals and the interesting
frequency band is from 0 to 18 GHz. First, the input signal
is filtered by a ultra wideband (UWB) filter (LPF;) whose
passband is [0, 18 GHZz] to remove the out-of-band noise

to get the complex signal X(t). Then, X(t) is mixed by
the UWB complex local oscillator (LO) p(t) to obtain the
modulated signal rO=xOP O \here the mark *

stands for complex conjugation, and r(t) is filtered by the
second complex low-pass filter (LPF,) with the passband

[H./2 1./2] to get the signal S(t), where f is the

sampling rate for digital signal processing. Finally, sample

s(t) by the rate of fs to obtain s(n)_ The p(t) is

generated by the digital analog converter (DAC) and direct
digital synthesizer (DDS), where DDS is synthesized by
the digital signal p(n) and constitutes of fS, the phase
o(n) and the initial phase % . The instantaneous phase
P(N)=0M+% of the component corresponding to

center frequency fy of p(n) is also sent to DSP for
synchronization.

Theoretical analysis

Assume that X(t) is frequency agile, which is given by

E j(2rf,t+oy)
x(t)=>e p(t—qT,)
-0

q

1)

10<t<T,

#t) = 0,otherwise T T
where ' , P is the pulse width, ' is
the pulse repetition interval (PRI), v~ T¢ f and %

gth

are the agile frequency and initial phase for the

sub-pulse and Q is the number of pulses, respectively.
The NYFR in Fudge et al. (2008a,b) used the ZCR voltage
of sinusoidal frequency modulation (SFM) to control the
shaping pulse to get the UWB LO. While, the basic idea of
NYFR is to move the corresponding local UWB with
different Nyquist zone into the baseband to extract the
zone information by exchanging the location of the
traditional position of the LO and the received signal. As
long as the LO has different band in each Nyquist zone, we
can get the same result in NYFR. The LO could be
simplified as

p(t) _ iejk(2ﬂf3t+0(t)+(po)
k=0 @)
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Figure 2. The distribution of " and the spectrum of p(t) .

j(27ft+0(t)+op)
where

is the continuous wave frequency
modulation, such as SFM; % is the initial phase, o) is
the modulation phase corresponding to Po :0, K is
B, . The

spectrum diagram of p(t) is shown at the shaded area in
Figure 2, where the vertical axis is the spectrum amplitude

and the Figure is not marked. When K is fixed, the
maximum interception bandwidth can be expressed as

determined by the interception bandwidth

BI = (K +1/ Z)fS (3)
After mixing and filtering by LPF1, the output should be

G xf, -2 +@— -
S(t) _ Zel[(z o =27 K g )t+0q —Ku 4 O(t) k%}ﬂ(t —qTr)
a=0 (4)

k., =round(w, / 27f,) , Kiiq €{0.L...K} is the

where
Nyquist zone of sub-sampling and the distribution of Kivg
is shown in Figure 2. Sample s(t) can present as

¢ i[ (271, =2k g J0T ki BN+ 0 ki g0t
S(n) = ze ‘ Y Y ;u(nTs _qTr)

- ®)

where T, =1/% is the sampling interval. From (5), we
know that the output of the qth sub-pulse is a wideband
signal where the center frequency, bandwidth and initial

phase are fq—fskqu, KiaBo ang Pa =K% respectively.

If the signal is just within one Nyquist zone, known by the
Nyquist sampling theorem, the condition of sampling
without aliasing is

B 1
kH,qBH <KB, = (f_ _5] B, < fS
s (6)
where B, is the minimum of the bandwidths which satisfy

(3) and are greater than the interception bandwidth.
Equation 6 could be rewritten as

2
(2B, -1,)B, < 2f. -

We can recover the signal without distortion when (7) is
satisfied. For electronic reconnaissance, the interception
frequency range is 18 GHz, and if the sampling rate is 2
GHz, we have B =19GHz

B, <2222 MHz from (7).

according to Equation 3, then

Situation of different Nyquist zone to get the same
center frequency

The NYFR and SNYFR solve the problem that, the
traditional sub-sampling could only sample one Nyquist

per time. When the interception bandwidth is (K+1/ 2)f5'
X(t) = A!CH) 4 A @ICrtre)
f =1, +kf,

there is one mixed signal

containing two frequencies, namely: and
f,=f+k,f, A /2<f,<f, /2 k,k,e{01 ..,K} where
A and A, are the amplitudes corresponding to h and

f2 fl

, P and %2 are the initial phases corresponding to
and f, , respectively.
If there was an ADC that supports the spectrum as wide

as (K +1/2)f, with sampling rate fS, sample X(t) with

sub-sampling and the digital signal should be

s (n) — Alej[(27ff1_2”fsk1)n—rs +¢ ] —+ Azej[(27ff2_27ffsk2)n—rs +@5 ]
1

Alej(ZHfOnTs +@0) + Azej(ZEfonTs+¢2)

(8)



It was found that from (8), the two frequencies are both

transformed into fO, and there is no extra information to
decide the original Nyquist zone, that is, we
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cannot estimate h and f, from (8).
Corresponding to (8), the output signal of SNYFR is

Sz(n) — Alej[(27rf1—272'f5k1)nT5—klg(n)+(p1—kl(po]_|_ Azej[(2”f2_27z-f5k2)n-rs_k29(n)+¢2_k2¢0]

Equation 9 shows that the output signal of SNYFR is
different from the one of sub-sampling. Compared with the
latter, the former has extra wideband frequency
) ej[*kle(n)*klf/’o] ej[_kzg(n)_kz%]
modulations and on
the corresponding frequency fy and f2. These extra
modulations contain information about the Nyquist zone,
which could be estimated by the bandwidth as an

example. If we know the zone information Ky and K, , we

could reconstruct the sub-sampling signal from (9) to

estimate the frequency o and the corresponding
amplitudes and initial phases using different zone. With

k f,

the combination of kl, 2 and °, we can estimate the

absolute frequency of the signal, namely, fy and f2. In
conclusion, the sampling range of sub-sampling is just one
Nyquist zone, while SNYFR extend the range to the entire
interception bandwidth. In addition, Equation 9 shows that
there is no cross terms of different frequencies, therefore,
the SNYFR is "linear” in nature and easy to the follow-up
signal processing.

APPLICABILITY OF SNYFR FOR THE WIDE BAND
RADAR SIGNAL

Besides FA, the common radar signals are phase shift
keying (PSK), linear frequency modulation (LFM) and
nonlinear LFM (NLFM), etc., and they can be modeled as

wideband signals. Let x(t) be the wideband radar signal,
according to Fourier transform (FT) theory, we obtain

X(t) =j°; X (f)e'? " df 10

X (f)

where is the FT of the signal X(t) .

Equation 10 shows that X(t) consists of infinite frequency
components. Then, according to the property of (9), the
output should be

s(n) = jT X(f _fskf)ei[(Zﬂf-Zﬂfskf)nTs-krﬁ(n)-kffﬂo]df

(11)

Ale i[27ToNTs =k 0(N)+e —Kqp ] 4 Aze i[27foNnTs =k, 0(N)+9, —Ko 0]

(9)

where Ki =round(f /f;)

The Nyquist zone i is one parameter of the wideband

signal s(n) and could be estimated from s(n)_ Since

‘9(”)) and % are known in SNYFR, if we have estimated

Ki by time-frequency distribution or other algorithms, we

ej[—kqg(n)—kf(/’o]

could remove the item of to get

S'(n) _ ji X(f _fskf )ej[(an—Zirfskf)nTs]df

) 12)
The X(F -1k in s'(n) is completely retained and the
difference between X(F -1k) and X(f) is only the

k f

index of frequency decided by ™t when s is fixed. Since

we have estimated Ki , we can fully recover the spectrum
X(f), that is, we can recover the wideband signal x(t)

from X(F) where the phase, frequency and modulation
parameters are not lost. In conclusion, SNYFR is suitable
for wideband radar signal in principle, and the limitation is
defined by (7).

ESTIMATION OF NYQUIST ZONE

Before the estimation of Nyquist zone, we assume that the
signal has been detected with the relevant algorithm. After
the detection, we could estimate the Nyquist zone.

As mentioned previously, the output of the qth
sub-pulse is a wideband signal where the center
frequency, bandwidth and initial phase are fq ~fKug ,
KiuaBy and o —keo respectively. We could estimate the
Nyquist zone using the time-frequency distribution (TFD)
(Hao, 2006) by dividing the amplitude of the ridge of TFD
and the amplitude corresponding to the bandwidth B”.
However, when B, and Kitg are too small, the peaks
and valleys of the TFD to estimate the amplitude would be
close and not easy to be recognized; when the signal to
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noise ratio (SNR) is low, the estimation of peaks and
valleys would not be an easy work.
We have the synchronization between the DSP and

pps using P =M+  then the synchronous LO
group with the same amplitude and different bandwidth
should be

_ aiken _ a-ilko(n)+keo]
s((n)=e e 13)

k e{O,l,...,K}

where . Without loss of generality, we

consider the output denoted as Sq(N) of the qth
sub-pulse,

i[ (271 ~27 ks )N Ts —kit 0N+ —kis g0 |
s,(n)=¢€

Then, Se(N) is multiplied by the conjugate Sk (n) , and we
have

i (271, -2tk g T, —kH‘qé(n)wq—kquqao}e i[k(n)+kay

(15)
and
J| (27t -27tky )T+
M., (n):e[ g -27lckig clh<:|(qu
i (2t ~2tkog o )T+ | il (Kkiy g )0(n)H(K ki)
mqu(n):e[ q q q}e[ qa Q%J,kiqu (16)

Where k”vq, mq,k(n) is a single tone whose carrier
=f, —fk K # Ky q My, (n) is

frequency is fsven Ha  While

k-k,,|B
a wideband signal whose bandwidth is | ”’q| ’. We
can perform the automatic modulation classification (AMC)

on each Mak (n) for different K (Zeng et al., 2010), and

the output of AMC corresponding to Kutg is monopulse.
The algorithm of AMC is difficult, and we will find out an
easy way. The FT could accumulate the energy with the
same frequency, and if the signals have the same
amplitudes and lengths, the maximum amplitude of FT of
the signal whose bandwidth is the minimum would be the
maximum. In conclusion, we could estimate the spectrum

of mqvk(n) at first, and then get Kitg by choosing the K
whose maximum spectrum is the maximum. The
architecture of the algorithm is shown in Figure 3.

The classical algorithm, such as maximum likelihood
(ML) (Kay, 1993), for the estimation of the frequency

f

denoted as 'SNYFR and the initial phase %0 of (16) could

be used after the estimation of k”vq , and the estimation of

fq is given by

~ ~

f = +fk
q SNYFR s "H,g (17)

PERFORMANCE ANALYSIS
Advantages of SNYFR over NYFR

The proposed SNYFR has advantages over NYFR in the
following aspects: the structure of NYFR used the ZCR of
SFM to control the shaping pulse to get the UWB LO;



o \\§'Nﬁi‘i\§\§s\
0.2 | | |
il
U “ Nﬁﬁ% \
\

Figure 4. The PCD vs. SNR and B”.

p m
0. 8f / | .
p I
0.6 éf | ]
A
E —0 - the proposed ',:l'
0.4 |- PWVD , 1
I
I
-20 -15 -10 -5 10
SNR,dB

Figure 5. The PCD of zone versus SNR.

however, the theoretical analysis is too complex and there
are lots of approximate equivalent; while, the expressing of
SNYFR for LO showed in (2) is easy to understand, and
the output expression in (5) is strictly equivalent. The
detection of ZCR in NYFR by analog circuits is not an easy
work, and the ZCR is sensitive to noise while the wideband
modulation of SNYFR is controlled by the DAC which is
not sensitive to noise. The LO and DSP of NYFR are not
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synchronous, and we cannot estimate the initial phase of
the received signal, but when the SNYFR is synchronous,
we can estimate the initial phase easily.

Simulations for the estimation of Nyquist zone

Simulations have been done to verify the performances of
the estimation of Nyquist zone. The frequencies of the
received signal are assumed to be 0.8, 1.3, 3.4, 5.6,
7.8GHz, 9.3, 11.5, 13.2,15.7 and 17.4 GHz. The wideband
modulation is SFM and the bandwidth range is from 0 to
300 MHz. The pulse width is 0.5 ps. The SNRs are from
-20 to 10 dB, where the noise is Gaussian and white. Each
signal was run 500 times. When the entire zones are
estimated correctly, we just think the estimation is right and
the performance is evaluated by the probability of correct
decision (PCD). The results are shown in Figure 4. Figure
4 shows that, when the modulation bandwidth is 0, SNYFR
is just the sub-sampling and we cannot distinguish the
Nyquist zone, that is, the PCD is 0, in the absence of a
prior. When the modulation bandwidth is less than 10 MHz,
the PCD increases with the increase of bandwidth for fixed
SNR. When the modulation bandwidth increases to 10
MHz or so, the PCD is stable. When the modulation
bandwidth is greater than 222 MHz, modulation bandwidth
is greater than the sampling rate, and then the condition
determined by (7) cannot be satisfied, making the zone
detection maybe wrong. In conclusion, the preferred
bandwidth should be from 10 to 100 MHz, and the PCD
would be greater than 90% when SNR is above -16 dB.
The performance comparison between the proposed
and the way using pseudo Wigner Ville distribution
(PWVD) is presented as f, =10.4GHz , B, =100MHz ,
fs :ZGHZ. Each signal was run 500 times. Figure 5
shows the PCD of zone versus SNR. When SNR is greater
than -16 dB, the PCD of the proposed is above 90%, while
the PWVD method needs 4 dB to achieve the same PCD.
The proposed algorithm is much better than the one of
PWVD, and the reason is that, PWVD does not use
synchronization information, but the ridge in the
time-frequency plane is sensitive to noise, while the
proposed makes full use of the synchronization
demodulation method to get better noise immunity.

CONCLUSIONS

Based on the structure of synchronous Nyquist folding
receiver for the interception of frequency agile radar
signal, the down-conversion of the received signal is
realized with a wideband frequency modulated LO which
contains the information of Nyquist zone, then, we adopt
the synchronous demodulation to estimate the zone. As a
result of the synchronization technology, SNYFR can
estimate the initial phase of the received signal and
improve the reliability of the structure NYFR whose UWB
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LO is all implemented by analog circuits. Moreover, we
show that this structure is also suitable for the wideband
radar signal, indicating SNYFR can be applied to other
kinds of radar signal. Simulation results show that when
the SNR is greater than -16 dB, the probability of correct
decision of Nyquist region is above 90%. SNYFR could
realize the full interception with low complexity in theory.

ACKNOWLEDGEMENT

This work is supported in part by the National Natural
Science Foundation of China under Grant 61172116.

REFERENCES

Angelosante D, Giannakis GB, Sidiropoulos ND (2010). Estimating
Multiple Frequency-Hopping Signal Parameters via Sparse Linear
Regression. |IEEE Trans. Sig. Process., 58(10): 5044-5056.

Aziz JS, Al-Shalchi AA, Al-Kateeb AK, Pavlidou FN (2006). Parameter
Estimation of Frequency-Hopping (FH-SS) signals using modified
autocorrelation techniques. Int. Conf. Comm. Technol., pp. 1-4.

Barbarossa S, Scaglione A (1997). Parameter estimation of spread
spectrum  frequency-hopping  signals using time-frequency
distributions. 1st IEEE Workshop on SP Advances in Wireless
Communications, pp. 213-216.

Chen C, Vaidyanathan PP (2008). MIMO Radar Ambiguity Properties
and Optimization Using Frequency-Hopping Waveforms. IEEE Trans.
Sig. Process., 56(12): 5926-5936.

Chung CD, Polydoros A (1995). Parameter estimation of random FH
signals using autocorrelation techniques. IEEE Trans. Comm.,
43(234): 1097-1106.

Cupido L, Graca S, Conway GD, Manso M, Serra F (2006). Frequency
hopping millimeter-wave reflectometry in ASDEX upgrade. Rev. Sci.
Instrum., 77: 10E915-10E915-3.

Fan H, Guo Y, Feng X (2008). Blind Parameter Estimation of Frequency
Hopping Signals Based on Matching Pursuit. 4th Int. Conf. on Wireless
Communications Networking and Mobile Computing, pp. 1-5.

Fudge GL, Harvey JE, Chivers MA, Ravindran S (2006). Nyquist folded
bandpass sampling receivers and related methods. US Patent App,
US2007086544-A1, US7436912-B2.

Fudge GL, Bland RE, Chivers MA, Ravindran S, Haupt J, Pace PE
(2008a). A Nyquist folding analog-to-information receiver. 42nd
Asilomar Conference on Signals Systems and Computers, pp.
541-545.

Fudge GL, Bland RE, Ravindran S, Chivers MA (2008b). System and
method for improved spur reduction in direct RF receiver architectures.
US Patent App, US 2010/0202566 A1l.

Gui G, Wan Q, Fumiyuki A (2011). Direction of arrival estimation using
modified orthogonal matching pursuit algorithm. Int. J. Phys. Sci.,
6(22): 5230-5234.

Hao S, Papandreou-Suppappola A (2006). Diversity and channel
estimation using time-varying signals and time-frequency techniques.
IEEE Trans. Sig. Process., 54(9): 3400-3413.

Hunt AR (2009).Use of a Frequency-Hopping Radar for Imaging and
Motion Detection Through Walls. |IEEE Trans. Geosci. Rem. Sens.,
47(5): 1402-1408.

Kay SM (1993).Fundamentals of Statistical Signal Processing, Vol I:
Estimation Theory, Prentice Hall PTR, USA., pp. 157-214.

Lam YM, Wittke PH (1990). Frequency-hopped spread-spectrum
transmission with band-efficient modulations and simplified
noncoherent sequence estimation. IEEE Trans. Comm., 38(12):
2184-2196.

Li N, Dong S, Yang DM, Hao ZH (2009).The Research on
Frequency-Hopping Signals Analysis Methods Based on Adaptive
Optimal Kernel Time-Frequency Representation. Int. Conf. Meas.
Technol. Mechatronics Autom., pp. 544-547.

Maric SV, Seskar |, Titlebaum EL (1994). On cross-ambiguity properties
of Welch-Costas arrays when applied in SS/FH multiuser radar and
sonar systems. IEEE Third Int. Symp. Spread Spectr. Techn. Appl., 2:
489-493.

Scholand T, Faber T, Seebens A, Jung P, Lee J, Cho J, Cho Y, Lee HW
(2005). Fast frequency hopping OFDM concept. Electronics Lett.,
41(13): 748-749.

Zeng D, Xiong H, Wang J, Tang B (2010). An approach to Intra-Pulse
modulation recognition based on the ambiguity function. Circuits, Syst.

Sig. Process., 29(5): 1103-1122.


http://www.springerlink.com/content/?Author=Deguo+Zeng
http://www.springerlink.com/content/?Author=Hui+Xiong
http://www.springerlink.com/content/?Author=Jun+Wang
http://www.springerlink.com/content/?Author=Bin+Tang

