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SUMMARY

Spectrum sharing is a must in a world of revolution with wireless technology. It is critical to develop
methodologies which aim at reducing the interference caused by these wireless technologies, operating
especially in the same frequency bands. Radar operating in S-Band degrades the performance of com-
mercial communications system, hence this research presents a novel method to analyze the data of a
real-time model developed using Keysight Signal Analyzer and Signal Generator. In principle, spectrum
sharing could occurs at all frequencies, but we have investigated the S-band where a plethora of applica-
tions exist on the commercial front. For the very same, various test cases were observed and theoretical
formula were proposed to justify the results. This research also aims at comparing the experimental
results to the analytical and simulation ones using Jensen-Shannon Divergence (JSD) and it proves that

our proposed model is a good approximation to the joint the radar-communications system.
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CHAPTER 1

INTRODUCTION

Increase in the heavy usage of wireless networks and radar systems have urged the need for efficient
spectrum sharing. Technical parameters for both the systems are limited by the spectrum allocations,
hence this research addresses this issue by presenting the novel experimental model to understand S-
Band (from 2 GHz to 4 GHz) radar interference in an uncoded communications system. This real-time
model was developed using Keysight signal analyzer and signal generator. Consequently, a number of
parameters were varied and test cases were evaluated, especially bit-error-rate performance to underline
the appropriate requirement for the radar to coexist with the communications system. The adopted
method was also compared with ideal cases and verified with a brief theoretical analysis.

The radar interference could affect the performance of a communications system hence it is chal-
lenging to develop a co-existence system. Many authors have proposed methods that address this is-
sue and have presented their ideas either using a simulated environment or through experiments. For
simulated/theoretical concepts, in order to minimize the interference, (1) develops a channel selection
algorithm and NSP (null-space projection) algorithm which choose the best way in which the the radar
could project its signals. (2)) aimed at modifying the transmitter and receiver of 802.11 wireless local
area network WLAN communications system with the column inter-leaver and LLR (long likelihood
ratio) mapping function so as to successfully deal with the radar interference. This model was built
in MATLAB 2015 WLAN toolbox based on the IEEE 802.11ac standard because there was a need to

model the simulated environment into the practical world.
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Experimentally, for the communications system, many people proposed the use of real-time devices
like USRP (Universal Software for Radio Peripheral) to implement BPSK, 4-QAM, OFDM and other
types of modulation algorithms. These radio transceivers were meant to develop a real-time model
within the lab setup like (3)(4) with LabVIEW serial interface (3). Since these devices are un-calibrated
and prone to high noise figure, these devices are not perfect tools to perform any kind of analysis such
as bit error tests, error vector magnitude test etc. Thus, more sophisticated devices like the ones used
in (5) were implemented. These signal analyzer and the signal generator have an ability to perform the
analysis like bit error rate (BER) calculations with much greater accuracy and with very low tolerance
values. These devices were used to test the S-Band radar spectrum sharing methods and their co-
existence with the LTE network or the mobile network and proved experimentally that the degradation
of the performance is caused at each end, for both communications system and the radar system.

This research interests in proving the results of theoretical and simulated study experimentally. This
research targets to be an extension to (6)(7)(8) which have analytically studied the effect of the radar
interference in a single carrier communications system. (7)) develops a relation between the signal to
noise ratio (SNR), interference to noise ratio (INR), BER and considers three regimes (INR<SNR,
INR~SNR, and INR>>>SNR) to analyze the interference results theoretically. Similarly, (9) proves the-
oretically that low power communication interference can degrade the radar performance significantly
and communication interference should not be modeled as the Gaussian interference of the same power
which is a good approximation in general. Though some author have proposed the Gaussian mixture
distribution (10) to model the impulsive radar signal in the form of DME shaped pulse and then opti-

mize the receiver based on analysis, but lacks the experimental proof. Therefore, an attempt was made



to prove those theoretical results experimentally using real-time devices or devices which could mimic

radio transceivers.

TABLE I: Notations and symbols

SNR

INR

BER

EVM%

Radar system transmit power (dBm)
Communications system transmit power (dBm)
Radar system center frequency (Hz)
Commumications system center frequency (Hz)
Radar pulse width (s)

Radar pulse repetition interval (s)

Bandwidth of communications system (Hz)
Bandwidth of radar system (Hz)

Signal to noise ratio (dB)

Interference to noise ratio (dB)

Bit error rate ratio

Error vector magnitude percentage




Using the knowledge about the past work (7)(1 1)), this research will in detail explain its contributions
and its implications in real-world to minimize the radar interference in the communications system.
Though past work like (6)(8)(11) did characterize the joint model of radar-communicaitons system
analytically and also proposed a way to calculate BER with varying radar and communications system
power, but we are not aware of any other work which attempt to experimentally prove the analytical
characterization. There are two important aspects which make this research different from the work
done previously: 1)Novel lab-setup and 2)In-depth analysis considering different test cases. Since pulse
width g, pulse repetition interval PRI, frequency F, and power P, define the nature of the radar pulse
or in other words the interference (refer [I| for notations) , their variation is an important aspect in order
to study its impact on a communications system. Also, one needs to keep in mind parameters such
as P., F, and bandwidth BW of the communications system, since they also play an important role to
determine how “powerful” the impact of interference could be. The major findings for the test setup for

the radar and communications system include:

e For the communications system alone, BER performance for different SNR using BPSK and 4-

QAM modulation followed the ideal “waterfall” graph.

e For the radar system alone with a simple rectangular pulse train, we observed interesting “circles”
or “circular rings” at the center of 1Q diagram which could be also explained by a deterministic
linearly changing phase with time. The circle’s radius R varies with the change in the radar F,, it’s
P, and 1g. The circle’s radius R and its ring “scattering” somehow depicts how strong or weak the
interference signal is. For example, the value of R increased when P, was changed from -20 dBm

to -10 dBm, while keeping other parameters constant.



We varied numerous values, for example, the radar pulse width (PW), pulse repetition interval (PRI),
the radar power (P;) or Interference to noise ratio (INR), etc. and have successfully analyzed the results
with their real-life applications. For the joint radar-communications system, mostly spectrum, 1Q vector
and BER analysis were done with test cases considering variation in parameters such as P, Py, Tpg;, Fr,

B and B, and their few possible combination. Following were the major findings:

e The EVM% and BER values increased significantly with a variation of F,, keeping the other
values constant. For example, the BER value increased by a factor of 10 with a -10 dBm power

change of the radar signal.

e The BER increased when F, was brought closer to F,, keeping the other parameters unchanged.
For example, BER of 4.4x 1073 was computed with AF=F.-F, as 680 Hz and for AF=20 Hz,

BER increased to 0.45. The radius R of circles also increased when F, was moved closer to F..

e With the same setup, it was observed that the PRI and BER followed an inverse linear relation. For

example, increasing PRI from 100 us to 500 us decreased the BER from 3.1x 1072 to 6.3x1073.

e Simultaneous variation in B, and B, by the same amount had no effect on the BER. For example,
there was a constant BER when reference B.=500 MHz and B,=1 MHz were made half or twice

of their respective values.

In the later chapters, we will perform analysis of interfering radar signal at the receiver of a com-
munications system which uses binary phase shift keying (BPSK) demodulation.Similar to (12), which
performed analysis for OFDM system, we will consider different radar pulses and their probability mass

functions (PMFs).The joint PMFs for the amplitude and phase were also derived. These analytical PMFs



are then compared to the simulation and experimental (only for the case of rectangular radar pulse) re-
sults using Jensen Shannon divergence (JSD) (13))(14) to measure the distance between them. We will

see that our experimental setup matches closely with the proposed simulation and the analytical setup.

1.1 Experimental Setup

The experimental setup consisted of the following arrangement in an Anechoic room as shown in[]
with communications system separated by 2.69 m distance and the radar antenna placed at an angle of
38 degrees and 1.69 m distance from communications receiver. The orientation of the antenna is aligned
to match the polarization of the transmitted communications signal. For most cases, test frequency for
the communications system was F,=2.849520 GHz and for the radar system was F,=2.85 GHz, as used
in (12).

Sophisticated devices with compatible software were used in our experimental set-up:

e Keysight N5172B EXG VSG Vector Signal Generator (as communications transmitter).
e Keysight N5172B EXG VSG Vector Signal Generator (as the radar transmitter).

o Keysight N9020B MXA SA Signal Analyzer (as communications receiver).

o Keysight 89600 VSA 22.2 (to evaluated BER, EVM%, etc of the received signal)

e Keysight Signal Studio IQ Toolkit (to configure the communications and the radar transmitted

signal)
e Keysight Command Expert CE (to play/acquire the signals from the devices)

e MATLAB (for computational purposes)
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Figure 1: Experimental setup in an anechoic chamber with the antennas were positioned as shown. The distance
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between the communications system is 2.67 m and the distance between the communications receiver and the

radar monopole antenna is 1.69 m.

To model the joint radar-communications system, this research used VSG as transmitter and SA as
a receiver with another VSG as an interference unit. User-known random bits were generated with the
help of VSG, which transmitted the bits at different frequencies, amplitude levels, and the modulation
types. The received signal at SA was analyzed by evaluating the RF envelope waveform in the time

domain, spectrum, constellation diagram, etc. using VSA and MATLAB. GPIB or Ethernet cable made



Figure 2: Bench-setup for experiments: 1. Vector Signal Generator (as communications transmitter), 2. Vector

signal generator (as the radar transmitter), 3. Signal Analyzer (as communications receiver),4. Interfacing soft-
ware and windows. Note that the cables from the devices were passed through the anechoic chamber and all the

transmission and reception took place inside the chamber.

it easier to communicate with these devices via PC. We evaluated the data for numerous cases, such as
communications alone setup, the radar alone set up, and communications-radar co-existence setup, by

observing the received and the transmitted signal.

1.2 Theory

Consider a general radar pulsed signal operating at central frequency F, Hz with a pulse width of 7z
s. PRI of the passband radar signal Y(t) is given by Tpg; s. Also taken into account is the delay/lag time #,
s between the communications system and the radar signal. Sampling frequency at the communications

system is F. s:% where T is the sampling period. A similar analysis was also carried out in li



1.2.1 Transmitted Signal

Consider a radar pulse A(t) with a time ¢ and amplitude varying signal A,,(t) for the pulse width dura-
tion. Here m denotes the different pulse shape, i.e, for example, rectangular, chirp, Distance Measuring

Equipment (DME) pair pulse, etc. The total number of pulses taken was N.

Am(l), forc; <t <d;
All) = Vi € [0,N — 1]

0, elsewhere

where, ¢; = n;Tpg;, d; = n;Tpr; + Tr and n; is the index of the n'" radar pulse.
The signal A(t) is upcoverted by multiplying it by the carrier signal, e/2*/. Since the radar signal

lags the communications system by the delay #,, the passband radar signal can be written as

Y(t) = R{A(t — 1q) /> rl—1a)} (1.1)

=A(t —tq)cos(2mE,(t —t4)) (1.2)

Similarly, if m(t) is the BPSK or QPSK modulated signal, then the passband sp(#) could be defined

as

sp(t) = R{m(t)e/*™ '} (1.3)
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1.2.2 Received Signal

At the communication receiver, the received passband signal of the radar (I.2), as well as commu-
nications signal (I.3) are downcoverted using the communications system carrier frequency F, and it
is sampled at frequency F. The downconverted signal Y4[n] passes through an IF or a low pass filter
resulting in the baseband signal R[n], where 7 is the index of the n’" sample. Assuming the bandwidth
of the radar is less than that of communications system, the downconverted sampled signal could be

expressed as

Ya[n] =Y (nTg)e 2t (1.4)

= 1A (I’lTS — ndTS) [ej(zn(Fr*Fc)”TS*2ﬂFrnde)
2

+e—j(zﬂ'(Fr-i-F()nTs—ZTL'F,nde))]_'_M(nTS)_i_J/ (15)

Here ny; = L%J , which is assumed to be uniformly distributed as ny ~ % { {O : TPR#IS_T’"} } (12) with
Tpr1, Tr and T¢ (which is symbol spans in seconds) as multiples of Ts. Also, it was assumed that Tpg;=T¢
and ./ to be AWGN noise. Following this, the high frequency component namely, (F, + F;) is filtered

by the low pass filter of IF stage centered around F,, assuming it to be an ideal with unity gain for the

simplicity. Hence the baseband signal R[n] is expressed as

1 .
R[I’l] — EA(}’ZTS o ndTS) [e](Zn(F,—FC)nTS—ZﬂF,ndTS)]

+M' (nTs) + Nf (1.6)
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or simply,
R=1e® + S+ 7 (1.7)
where,
1
I= EA(nTS —nde), (18)
0= Zﬂ(Fr—E)nT5—2ﬂFrnde, (1.9)
S = M’ (nTy) (1.10)

In (1.7, Ie/® could be treated as baseband radar signal before demodulation at the communication
receiver with an amplitude / and random phase ® where ® ~ % {[b,a+ b|}. Here a=-27F,Ts and b=
27 (F, — F.)nTs. S could be defined as the received communication signal with an amplitude v. A% is
the correlated coloured noise at the output of filter or in another words, noise present in the system after
the IF stage defined by autocorrelation function as @,,(f) = N,Wsinc (2W;) if the input noise spectral
density is @y, (f) = % considering an ideal filter. We analyzed this system using real-time test models
and performed computations for various cases discussed in the later chapters.

For the next chapter, we will be discussing about an analytical model which describes a radar pulse
at the communications receiver. We used the equation R = Ie/® + S+ 4%, which describes joint radar-

communications setup, to compare and propose the results we got from the experiments.



CHAPTER 2

ANALYTICAL MODEL OF THE RADAR SIGNAL AT THE COMMUNICATIONS

RECEIVER

Previous sections gave an insight about the idea behind modeling a real-time system. This sec-
tion analyzes the effect of interfering radar signal at the receiver of a communications system, which
used binary phase shift keying (BPSK) demodulation. Different radar pulse were considered and their
probability mass functions (PMFs) as well as joint PMFs for the amplitude and phase of the baseband
received radar pulse were derived. These analytical PMFs were compared to the simulated and exper-
imental results using Jensen Shannon divergence which measured the directed divergence between the
distributions.

For the analysis, we considered that general radar pulsed signal operates at F, Hz with a pulse width
of g s. The pulse repetition interval of the passband radar signal Y(t) is given by Tpg; s. Also taken into
account is the delay/lag time 7; s between the communications system and the radar signal. Sampling
frequency at the communications system is F’ ’:T% where Ty is the sampling period. Here, we assumed

that the time delay #; s was uniformly distributed random variable over [0, (Tprr-Tz)].

12
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2.1 Radar transmission system (Radar pulse generation)

Consider a radar pulse A(t) with a time and amplitude varying signal A,,(¢) for the pulse width dura-
tion. Here m denotes the different pulse shape, i.e, for example rectangular, chirp, Distance Measuring

Equipment (DME) pair pulse, etc. The total number of pulses taken are N.

Am(l), forc; <t <d;
Al) = Vni € [0,N —1]

0, elsewhere

where, ¢; = n;Tpr;, d; = n;Tpg; + Tg and n; is the index of the n'" radar pulse.
The signal A(t) was upcoverted by multiplying it by the carrier signal, e/>*/'. Since the radar signal

lags the communications system by the delay #,, the passband radar signal can be written as

Y(t) = R{A(t — 1q) /> rl—1a)} 2.1)

=A(t —tq)cos(2mE,(t —t4)) (2.2)

2.2 Communication receiver system (Radar pulse reception)

At the communication receiver system, the received passband signal is downcoverted using the com-
munications system carrier frequency F, and it is sampled at frequency F;. The downconverted signal

Yq4[n] was passed through a low pass filter resulting in the baseband signal R[n] before demodulation,
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where n is the index of the n'" sample. Considering the bandwidth of the radar to be larger than that of

communcations system, the downconverted sampled signal was given by

Y4[n] =Y (nTs)e 2™ enTs oy (2.3)

= %A(nTS — ngTs) e/ Fr=FenTs—FinaTs
_|_efj27t(Fr+Fc)nT57Frnde)] + N (2.4)
Here n; = L%j, which was assumed to be uniformly distributed as (12) where the value of n; ~
w { {O : TPR#IS*TR] } with Tpgy, Tg and T¢ (which is symbol spans in seconds) were multiples of Ts. Also,
it was assumed that Tpg;=T¢. Following this, the high frequency component namely (F, + F;), was
filtered by the low pass filter centered around F, assuming it to be ideal with unity gain for simplicity.

Hence the baseband signal R[n] was expressed as

1 .

R[n] — 514(]/]{'1—:9 7ndTS) [eJZR(E‘_Fc)”TS_FrndTS] +</’/F (25)
1 .

m@:iadﬂ+ﬂ% (2.6)

or,

|Rln] = M[n] + A7 | 2.7)
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where,

(04 :A(l’lTs—nde), (28)
B = 27E(Fr — Fc)l’lTS — Frnde, (2.9)
Min] = %(xejﬁ (2.10)

In AF was the correlated coloured noise at the output of filter or in another words, noise present in
the system after the IF stage defined by autocorrelation function as ¢,,(f) = N,Wsinc (2W;) if the input
noise spectral density was @y, (f) = % considering an ideal filter. The symbols & and 3 represents the
amplitude and the phase of the received baseband signal before demodulation, respectively. Also, M[n]
was the signal of interest without noise, or in other words it could be defined as the radar signal at the

receiver without presence of noise. Since bandwidth of the system is considerably large, for our setup

the filtered noise is assumed to be uncorrelated, following the IID property for the samples.

2.3 Rectangular radar pulse model and its analysis

Consider a rectangular radar pulse A(t) with an amplitude p and total number of N pulses. Thus,

P, fOI'Cj §t§a’j
At) = ,Vn; € [0,N — 1]

0, elsewhere

where, ¢;=(n;Tpgr), dj=(n;Tpr; + Tr) and n; is the index of the n'" rectangular radar pulse. From

the the marginal and joint PMFs will be derived in the following subsections. From first
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distribution of signal M[n] will be calculated along with the distribution of filtered noise ./#. Using

random variables theorem, we will calculate the sum of these two distributions.

2.3.1 The PMF of the radar’s amplitude

From we can conclude that the amplitude of M[n] is o where,

P niTprr niTpri+7TR
5, for 2 4 ng <n < =R 4ng

o = ,VHIE[O,N—l]
0, elsewhere
Therefore,
p TR
Prla=%)=— (2.11)
( 2> Tpri

Topy —
and Pr(o = 0) = PRI ™R 2.12)

Tpr1

As previously discussed, noise is assumed to be uncorrelated following the IID property for the sam-
ples, hence for the distribution of amplitude of .47 filtered response of AWGN noise will be accounted
into. Since, for any filter with impulse response A(t), the filter output is also zero-mean Gaussian process.

Also, we know the variance oy of the filtered noise with response H(f) is given by,

or =20 [ |H()Par 2.13)

In other words, distribution of filtered noise . 4% is a Gaussian distribution with
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|H<f>|2df) (2.14)

From [2.11]and 2.14] the total PMF Ry of the amplitude of R[n] could be described by

Ry = My * N, 2.15)

where My is the PMF of a. This expression was easily calculated via MATLAB while evaluating

JSD.

2.3.2 The PMF of the radar’s phase

Similar to the previous section, the distributions of R[n] and .4 were evaluated separately. From

2.7 /R can be written as a tan~! function of ny as follows

Lt
ng+rg

/R =tan"~ (2.16)

where, /P = r; + Jjro and Ap = ny+ jng. Since Ar = n;+ jng is a Gaussian distribution, the
phase distribution of .47 will also be uniform. Considering large bandwidth, for the time duration of

rectangular radar pulse it was computed that the PMF of phase was
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®~ % (b,a+D)

where, a = —F,Tg and b = 21 (F, — F;)nTs.

2.3.3 The joint PMF of radar amplitude and phase

The joint PMF was written in the terms of the conditional PMFs. Simply put, the phase of the

interference given a specific amplitude was uniformly distributed. The joint PMF was given by

Pro(a,9)=PA=a,0 = 9] = P[6 = 9|4 = ] x Pi[d] 2.17)

Similarly, the analysis for the marginal and joint PMFs of the different radar pulse shape like chirp,
DME pulse pair, Gaussian, etc. were derived following the same steps as before. But for this section
we limited ourselves to the detailed analysis for only one pulse. In the later sections, JSD of analytical,
simulation and experimental setup have been compared for the different pulse shape and other reference
values. Thus, in the next chapter we will look forward to the experimental setup and the various test

cases for the measurements which will be utilized in the later chapters for measuring JSD values.



CHAPTER 3

TEST AND MEASUREMENT SOLUTIONS

Our approach to understanding the co-existence between the radar and communications systems
was to first develop a reliable communications system using BPSK and 4-QAM modulation techniques,
then transmit user-defined un-coded bits and compare the BER versus SNR of the setup with the ideal
values. The results showed great resemblance to the ideal curve. Next, rectangular pulsed radar was
introduced as interference to the existing communications system. Diverse cases considering variations
in the values of the radar pulse width, pulse repetition interval, the radar power or interference to noise

ratio, etc. were considered and analyzed.

3.1 Test for Communications System Alone

Bit error rate for different signal powers were computed for distinct values of P, or signal-to-noise
ratio at 1 MHz channel bandwidth (with 0.5 RRC shaping coefficient), F.=2.84952 GHz followed with
the BPSK and QPSK modulation scheme as per experimental setup shown in[I] The oscillator of VSG
and SA were locked by a 10 MHz reference. Since the radar signal is turned off, this test case could be
simplified further from[I.7)into R = S+ A%.

shows the experimental and theoretical curves for BPSK and QPSK modulated communications
system while evaluating BER versus SNR. Experimental data for two different modulations if closely
matched followed the ideality which claims that for a given SNR, BER of the BPSK system is lower

than that of the QPSK system. For example, the QPSK system gives the BER of 1.0x10~!, which is

19
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Bit Error Rate versus SNR graph for Communications System

1 Theoretical curves
=
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o
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Figure 3: BER versus SNR “Waterfall” Graph for BPSK and QPSK Modulated Communications System

higher as compared with the 2.9x 1072 for BPSK system for the given transmitted power P.=65 dBm.
Therefore, for our setup, we could conclude that the reception for a BPSK communications system was
better when the power transmitted P. was greater than -63 dBm and it degraded significantly when the
transmitted power was decreased.

In[3] we observed a significant deviation of curve w.r.t ideal curves below SNR levels of 2 to 3 dB
for BPSK modulation and 4 to 5 dB for QPSK modulation. This could be explained by the receiver

sensitivity, which made it difficult to extract/receive the signal of interest.
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TABLE II: BER versus SNR evaluation for communications system

P.dBm) | SNR(B) | BER IQ Diagram

BPSK modulation technique

-68 2.98 7.5%x1072

-60 8.596 8.7x1073

QPSK modulation technique

-65 5.578 1.0x107!

-60 8.7 7.9%x1073

3.2 Test for Radar System Alone

The radar rectangular pulse signal alone, when passed through a communications system, gives

interesting results. We have discussed the test case with varying radar amplitude in detail below.

3.2.0.1 1IQ Analysis for INR/P, variation (tg, Tpg;=constant)

The radar signal alone from[I.7|could be defined as an interference signal with random noise incor-

porated in the background.

R=1¢° +N (3.1)
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Experiments to study the nature of the radar pulse at the communications receiver when transmitted

at F,=2.85 GHz but with variable transmitted radar power P, were performed. The 7g=10 us and

Tprr=200 us were kept the same for each iteration.

TABLE III: 1Q Analysis for P, Variation

P.(dBm)

IQ Diagram

-50

-30

Some unique observations based upon the [[IIj were as follows:
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e For the case P,=-50dBm, the IQ diagram was similar to that of the random noise. Due to attenua-
tion (path loss), the radar spectrum floor was bordering the receiver sensitivity, hence the resulted

1Q graph was centered around zero, justifying the noise alone with 7e/®=0 in

e As the P, was increased to -30 dBm, we saw “circular ring” formation around the center. There
was a clear distinction in the sizes of IQ diagrams when compared with P, of -50 dBm and -30

dBm.

As we increased the P, or in other words INR (Interference to noise ratio), the circular ring’s radius
also increased. Therefore it could be proposed that increase in the size of ring was the result of the
increase in the power or amplitude of the radar signal I. Thus, looking at the circular ring radius one
could evaluate the amplitude of the radar pulse.

Note: The oscillators of VSG for the radar pulse transmission and SA were not locked, hence run
at a different unsynchronized frequency, which caused phase variation.

3.3 Test for Joint Radar-Communications Sytem

In previous cases, we analyzed the radar and communications system exclusively. This section
includes the combination of the two cases [3.1]and [3.2] and analyzes the impact of a radar pulse train (as
interference) in a BPSK modulated communications system. The equation of the joint system of the
radar at the communications receiver could be rewritten as R = S+ Ie/% +N.

Since both the radar and communications system’s parameter would individually contribute to the
received signal (@), it was important to look at the possible combinations of the variables. We performed
an evaluation of various sub-cases in this section and also proposed some ways which aided reducing

the impact of the interference.
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Figure 4: The real-time spectrum (leverages overlapping FFTs) of a communications system at F.=2.84952 GHz

with rectangular radar pulse centered at F,,=2.85 GHz.

3.3.0.1 IQ,BER & EVM Analysis for Different P.(INR) and P.(SNR) variation (tg, 7Tpg;=constant)

Radar signal strength is an important aspect in determining its impact in a communications receiver.
In section [3.2.0.1] we noticed how a radar pulse could have different circular ring size depending upon
its amplitude /. Thus, here we will look at the variable radar signal strength P, values for a different
values of P, with Tg=10 us and Tpr;=200 us were kept constant. Looking at the different cases as

shown in|IV|we seek some compelling results:
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e [Q diagram illustrated symmetric “circular rings” centered around the two points equidistant from

the reference point 1,Q=(0,0), and separated by a distance d.

e With the increase in the radar power P, for a fixed P,, the receiver exhibited an increase in the
radius R of two “circular rings”. For example, in the for P.=-35 dBm, the value of R for the

“circular rings” in the 1Q diagram increased as P, was increased from -20 dBm to -10 dBm.

e There was a significant rise in the values of BER and EVM% as the value of P, was increased for
a fixed P.. For example, the BER increased from 4.0x 1073 to 2.1 x 102 with a -10 dBm power

change of radar signal in

Note: The value of EVM% is not fixed for a particular BER, it might vary depending upon the setup
and conditions.
The periodic trend of the increase in the BER and the size of the circular rings centered around the

two 1Q points could be interpreted as follows:

e The formation of the “circular rings” centered around origin was explained in section |3.2.0.1
Therefore, from[I.7]it could be explained that the circular rings were shifted to the two IQ points
because of the presence of communications signal with its amplitude v. Thus, the amplitude v
decides the location of the two “circular rings” or their separation distance d. Likewise, the value
of I decided the radius R of the circular rings. Simply, we observed that the value of R and BER

were proportional to the difference P.-P,.

Thus, looking at the IQ constellation, it could be proposed that the radar’s interference impact de-

pends on the size of the circular rings. The larger the size, the more impact it will have on the commu-
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TABLE 1IV: Evalutation of BER and EVM%

P.(dBm) | EVM % BER IQ Diagram

P.=-35 dBm
-20 22.7 4.0%x1073
-10 54.8 2.1x1072

P.=-45 dBm
25 35.3 1.7x1072
-15 81.8 4.8x107!

P.=-55 dBm
-40 30.6 49x1073
-30 57.5 1.9x1072

nications system. A system with an appropriate power level could be chosen to have a minimum effect

in a co-existence system.
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3.3.0.2 1IQ & BER Analysis for Tpg; variation (P, P, Tx= constant)

One of the interesting direction to look at was variation in pulse repetition interval. Exciting out-
comes were observed when Tpg; was varied keeping the P, P, and Tg constant, considering in mind the

last used setup.

e |V| shows “Digital Persistence” which superimposes multiple waveforms on the same view and
is useful for viewing complex or time changing waveform. For example, in [V} our time domain
baseband signal “faded” away or in another words it was less “persistent” when Tpg; was increased

from 200 us to 400 us.

e With the increase in Tpg;, we observed the decrease in BER. For example there is a high margin
of difference in the BER when 7pg; is doubled in [V} Interestingly, it also could be approximated

from the data that BER and Tpg; followed an inverse linear relation as
1
BER(PRI=T,) ~ ZBER (PRI =/ x x) (3.2)

where ¢=constant, T,=varied pulse repetition interval time in seconds and BER(PRI=x) denotes

the value of BER when PRI is x seconds.

e The constellation diagram in[V] we observed that the circular rings “scattered” and became “less

dense”.

Note: The IQ diagram shows the circular rings size R and distance d between them for different
cases to be of an almost equal size, which proves the point we proposed in [3.2.0.1| that R was

dependent on the value of P,.
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Bit Error Rate variation for different PRI
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Figure 5: BER versus Tpg; variation showing that as Tpg; increases, BER decreases. An average linear BER was

approximated in the figure which depicts the negative slope of the graph.

Simply put, the effect of the radar decreases if we increase the Tpg; as the probability of the radar
hitting the communications system with amplitude v would be less. Thus, selecting a radar Tpg; wisely

could help in eliminating or reducing its impact as an interference.
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TABLE V: BER Analysis for Varying Tpg; using 1Q and Digital Persistence of Joint Radar-Communications

System

Trrr BER IQ Diagram Digital Persistence

200 ps | 1.6x1072
N A O

400 us | 8.3x1073

R

3.3.0.3 1IQ, Spectrum & BER Analysis for F, variations (P, P;, Tz, Tr=constant)

Practical communications system with radar interference are complex system but requires co-existence
strategies with the limited bandwidth available. This section deals with selecting an appropriate center
frequency F, of the radar such that the BER could be minimized.

From|[I.7] we know that at the communications receiver, the radar signals or pulse train is downcon-
verted to the communication center frequency F. along with the signal of interest. This downconverted
signal is then passed through a bandpass/IF filter which discriminates the unwanted bandwidth of inter-
est. In order to avoid any effect of interference, the radar signal should fall as far away as possible from

the bandwidth of interest of the communication signal.
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We did an experimental setup, similar to previous cases where we kept the values of 7g=10 us,
Tprr=200 us and F.=2.849520 GHz with B.=1 MHz (with 0.5 RRC filter coefficient). But in this case,

we varied the value of F,, keeping the signal powers constant. clearly distinguishes the effect of

varying F, on the BER of the communications system.

Bit error rate variation with varying center frequency of radar

Bir Errar Rate

wifp Ei EF,

B&8-1. 80E-03
EOD

AF=Fx-Fc [Hz) Offzet

Figure 6: BER variation for different values of F,. As the radar center frequency shifts away from F., BER

decreases.
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We observe that as we bring our radar frequency F, closer to our central frequency F,. of communi-

cations signal, BER increased. Furthermore:

e The radius R of the circular rings increased as we move F, closer to the F. of communications
system. As expected the distance d between the circular rings was constant for all the different
cases as we did not vary the value of P.. For example, in[V]] the circular rings radius R was larger

for when AF=-620 Hz as compared to AF=-280 Hz.

e The system followed the symmetry, i.e., the IQ diagram looked similar when the AF was varied
by the same amount to the left and right w.r.t. the center frequency F.. For example, in IQ

diagram was almost similar for AF=-620 Hz and AF=+580 Hz.

The harmonics of rectangular radar pulse had lower amplitude values and hence when the radar
signal was moved away from the center frequency F,., these harmonics tend to act as an interferer,
rather than the radar pulse with amplitude /, to the communications system in our required bandwidth

of interest. Thus, this was the reason for the less BER when AF was increased.

3.3.04 1Q & Spectrum Analysis for Bandwidth (B,,B.) Variation (P, P;, Tz=Fixed)

Lastly, we evaluated the compelling relationship between the bandwidth of radar B,, B, and the BER
of the system displayed in

For a rectangular radar pulse B, = ?IR Hz. For this case, we observed the consistency in the BER val-
ues if the bandwidth of both the communications signal and the radar signals were altered by the same
amount. For example, in we took a reference bandwidth B.=B,=500 KHz for the communications

and the radar signal, respectively and observed the effect on BER. We varied both bandwidths simulta-
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TABLE VI: BER Analysis for Varying Radar Frequency using IQ and Power Spectrum for Joint Radar-

Communications Setup .

AF (Hz) BER IQ Diagram Power Spectrum

-620 | 44x1073

+280 | 3.6x1072

+580 | 2.2x1072
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neously to half and twice of the reference value and observed that the BER was unaffected (which was

“error free” in this case).

TABLE VII: Bandwidth Variation and BER Analysis for Joint Radar-Communications System.

B. B, IQ Diagram
x0.5 | x0.5

x1 x1

X2 X2

Power Spectrum

“\FMWW




CHAPTER 4

EVALUATION FOR DIFFERENT RADAR PULSES

In this section, analytical results were compared with the simulated and the experimental results,
and the evaluation were done with respect to the marginal and joint PMFs. For the case of experimental
setup, only a rectangular radar pulse was considered. For the other pulse shapes, JSD values were

compared between analytical and simulation model with some reference values.

4.1 Case A: Rectangular radar pulse

For evaluation purposes, we considered the rectangular radar waveform A(t) with pulse width 7z and
pulse repetition interval Tpg;. It is upconverted at a frequency F,. This passband signal is then down-
converted at communications system frequency F.. Values of each variable are as shown in which
were taken as per the experimental model. From the rectangular time-domain radar waveform A(t)
was plotted and is shown in 8] Following the same values, the PMFs was evaluated.

shows the real time spectrum of a rectangular radar pulse. At the right top window, “Mkr1A2 481
250 Hz” denotes the difference in the carrier frequencies of radar and communications system. The
communications system was turned off so as to analyze our radar pulse for the PMFs. Keysight 89600
VSA software was used to extract the data from the signal analyzer to MATLAB and then compared

with the other setup.
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Figure 7: 2.85 GHz centered rectangular radar pulse real time spectrum (which shows cumulative history for

different time instance) at communications receiver with with F.=2.849520 GHz, Transmitted power = 0 dBm,

TR = 10 us and Tprr = 200 us.

TABLE VIII: Rectangular radar pulse Variable values

Variables Values

F. 2.849520 GHz

F, 2.85 GHz
TR 10 us
Tpr1 200 us

A -30 dBm
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Figure 8: Rectangular pulse radar A(t) with an amplitude A, Tz = 10 us and Tpg; = 200 us and N=2.

4.1.1 Marginal PMFs

From [2.15]and 2.16] PMF of the radar’s amplitude and phase were plotted and were compared with
the simulated as well as the experimental results. The unknown values were taken from the [VIII for this

experiment. Thus, 0] and [T0]display the amplitude and radar PMF for the three cases, respectively.
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Figure 9: Comparison of radar’s amplitude PMFs of experimental, analytical and simulation results.
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Radar's Phase PMF
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Figure 10: Comparison of radar’s phase PMFs of experimental, analytical and simulation results.

Also, to individually describe the level of matching (i.e. how well it matches to the proposed setup),

JSD was calculated for marginal PMF’s, i.e. for the radar amplitude and phase.
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Therefore defining:

JSDampy;,, = JSD of radar’s amplitude PMFs between simulated and analytical results.
JSDamp,,, = JSD of radar’s amplitude PMFs between experimental and analytical results.
JSDphaseg;,, = JSD of radar’s phase PMFs between simulated and analytical results.

JSDphase,,, = JSD of radar’s phase PMFs between experimental and analytical results.

The values obtained for JSDampyin, JSDamp,,,, JSDphase;,, and JSDphase,,, were 7.04x 1073,
1.02x1072, 3.06x 1073 and 4.08 x 10~ respectively.
Note: Possible reasons for the JSDamp,,, values slightly higher were due to no assumption of the

rise and fall time of the rectangular pulse in the real-time (experimental) system.

4.1.2  Joint PMF

The joint PMF from [2.17| was used to generate Due to the large number of mass points in
the PMFs, we opted to show only theoretical results graphically. However, to quantify the accuracy
of the theoretical findings we used the the Jensen—Shannon divergence (JSD) to measure the distance
between the simulated and the analytical joint PMFs (JSDy;,,), as well as between the experimental
and the analytical joint PMFs (JSD,.,,) . The JSD is a distance metric that is calculated using the
Kullback-Leibler divergence (KLD)(15) between two bivariate distributions (P and Q) of the RVs A
and 6.

The JSD values matched closely with each other which can be concluded from the values of JSDy;,

= 6.34%x 1073 and JSDyp = 4.04% 1073, Thus, it was claimed that the analytical model matched to
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Figure 11: Comparison of joint radar’s PMFs of experimental, analytical and simulation results.

a great extent with the simulation model and the experimental setup. Different cases with different
radar pulse shape will be studied further, but it will not include the experimental values as discussed

previously.

4.2 Case B: DME radar pair pulse

DME (16) (10) is a prominent radar system used to determine the slant distance of an aircraft to a
ground station. For this purpose, DME pulse pair or gaussian shaped RF double pulses are transmitted
by the aircraft to the ground station and, after a defined delay the ground station sends the pulses back

again.
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In our case, DME pulse pair acted as an interference to the communications system. An example of

a DME radar pulse pair is shown in

— At=12ys —>
11— (mode-X)

-

o
4

b=
[

TFRI: 50us

Figure 12: DME pulse pair radar A(t) with pulse spacing At = 12 us, pulse width of one pulse 3.5 us + 0.5 us

and Tpgy = 50 us.

4.2.1 Marginal PMFs

A generalized DME pulse pair are defined by

1 e =%
ADME(I): 202 e 22 4+ e 202 (4])
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where,

At = pulse pair spacing,

and 0% = variance of the pulse.

To evaluate JSD for this given radar pulse shape, ¢ = % us £ 0.5 us, mode-X pulse spacing At
= 12 us and Tpg; = 200 us were taken. The values obtained for JSDampy;,, and JSDphases;, were

2.31x10~* and 4.60x 107, respectively.

4.2.2  Joint PMF

The JSD value for the joint PMF with the same values showed a good fit which can be concluded
from the value of JSDy;,, = 3.34x 1073, For the mode-Y of DME radar, which has pulse pair separation

At = 36 us, value of JSDy;, = 3.51x1073.

4.3 Case C: Chirp radar pulse

In most of the practical radar systems (17) (18), linear FM (LFM) chirp shape is extensively used
because it is more Doppler tolerant than the rectangular pulse shape. An example of a normalized LFM

radar pulse as per (18) with 7g = 100 us and Tpg; = 200 us is shown in

4.3.1 Marginal PMFs

For calculating the PMFs, some of the values from |VIlI| were taken. Using (18)) as a standard pulse
with a chirp radar pulse 7z = 10 us, Tpr; = 200 us and N=15, gave JSDampyi,, and JSDphasegi,, of

7.32x1073 and 1.15x 107>, respectively.
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x10™

TPR\: 200 us

Figure 13: Real part of LFM Chirp pulse radar A(t) with 7z = 100 us and Tpg; = 200 us and N=2.

43.2 Joint PMF

In the similar fashion as @ and@ the joint PMF are calculated. Therefore, using the same values

of variables while calculating for chirp pulse, gives JSDyi,, = 6.55x 1073,



CHAPTER 5

CONCLUSION

An interference model was studied by using a Vector Signal Generator (VSG) as transmitter, a
Signal Analyzer (SA) as a receiver with another VSG as an interference unit. Various experiments
with different case studies were analyzed, which included analyses of communications system with and
without radar signal, analysis of radar system alone by varying its Tg, Tpg;, P, etc. These experimental
results were validated by the theoretical analysis. The research illustrated interesting scenarios for
example, we expected the BER to decrease if Tpg; was increased, which in research dropped from
3.1x1072 to 6.3x 1073 when Tpg; was varied from 100 s to 500 s with 7z, SNR, and INR constant.
Also, one expects to have a higher BER if the radar frequency value is closer to the central frequency
of the communications system. We observed a BER increment from 4.4x 1073 to 4.5x10~! when AF
offset (F.-F,) decreased from 620 Hz to 20 Hz. Changing the bandwidth of communications and radar
system simultaneously shouldn’t affect the overall BER, which was proved experimentally in our case
by varying bandwidth of both the system by half and twice of the reference value.

BER was also analyzed by the IQ constellation diagram. [14]{shows the formation of “circular rings”
for the joint system where the circles were explained by a deterministic linearly changing phase with
time. For SNR of 25 dB, we had two BER of 4.0x 1073 and 2.1x 1072 when power/amplitude of the
radar pulse was varied from -20 dBm to -10 dBm, respectively. Thus, change in BER could also be
interpreted by variation in the interference vector length which was related to the power/amplitude of

radar pulse. The higher the value of radar power, the larger the value of radius R of circular rings.

44
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Other possible cases validated by the detailed theoretical analysis for the joint setup will be considered

in future.

Noise Shield Thickness
ﬁ Noise Vector hY $

-

Interference Vector

Signal Vector

Figure 14: Shows the change in the size of the “circular rings” when interference power is increased from -20
dBm to -10 dBm(top left to top right) for a constant P.. The bottom figure shows the cause for the circular rings

and “rings width” using a vector diagram.

From the three cases 4.1} 4.2 and [.3] values of JSD for different setup concluded the viable model
which showed promising results. The mean value of JSDampy;,,, JSDphase;,, and JSDy;,, for the dif-
ferent cases were 4.86x 1073, 2.93x 107> and 5.46x 1073 , respectively. This indicates that the derived

expression for the PMFs closely matched its simulated PMFs as claimed in (12). Also, this research was
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able to prove the extension of (12)) by involving real-time experimental. This could be concluded from
the the mean values of JSDampey),, , JSDphase,., and JSD,,, that equals 1.02x 102, 4.08x 10> and

4.04x 1073, respectively for multiple iterations.



10.

CITED LITERATURE

. Shajaiah, H., Abdelhadi, A., and Clancy, C.: Spectrum sharing approach between radar and com-

munication systems and its impact on radar’s detectable target parameters. In 2015 IEEE
81st Vehicular Technology Conference (VTC Spring), pages 1-6, May 2015.

. Mehrnoush, M. and Roy, S.: Interference mitigation in coexistence of wlan network with radar. In

2017 IEEE Radar Conference (RadarConf), pages 0257-0262, May 2017.

. Clark, C. L.: LabVIEW digital signal processing. Tata McGraw-Hill Education, 2005.

. Johnson, C. R. and Sethares, W. A.: Telecommunication breakdown: concepts of communication

transmitted via software defined radio. Vol. 1. Prentice Hall, 2004.

. Heuel, S., McCarthy, D., and Shavit, Y.: Test and measurement of coexistence between s-

band radar and mobile networks. In 2016 26th International Conference Radioelektronika
(RADIOELEKTRONIKA), pages 1-4, April 2016.

. Nartasilpa, N., Tuninetti, D., Devroye, N., and Erricolo, D.: On the error rate of a communication

system suffering from additive radar interference. In 2016 IEEE Global Communications
Conference (GLOBECOM), pages 1-6, Dec 2016.

. Nartasilpa, N., Tuninetti, D., Devroye, N., and Erricolo, D.: Let’s share commrad: Effect of radar

interference on an uncoded data communication system. In 2016 IEEE Radar Conference
(RadarConf), pages 1-5, May 2016.

. Nartasilpa, N., Shahi, S., Salim, A., Tuninetti, D., Devroye, N., Erricolo, D., Zilz, D. P., and Bell,

M. R.: Let’s share commrad: Co-existing communications and radar systems. In 2018
IEEE Radar Conference (RadarConf18), pages 1278—1283, April 2018.

. Erricolo, D., Griffiths, H., Teng, L., Wicks, M. C., and Monte, L. L.: On the spectrum shar-

ing between radar and communication systems. In 2014 International Conference on
Electromagnetics in Advanced Applications (ICEAA), pages 890-893, Aug 2014.

Saaifan, K. A., Elshahed, A. M., and Henkel, W.: Cancelation of distance measuring equip-
ment interference for aeronautical communications. IEEE Transactions on Aerospace and
Electronic Systems, 53(6):3104-3114, 2017.

47




11.

12.

13.

14.

15.

16.

17.

18.

CITED LITERATURE (Continued) 48

Tuninetti, D., Devroye, N., and Erricolo, D.: Characterization of the effect of radar interference
on an uncoded data communication system. In 2016 USNC-URSI Radio Science Meeting,
pages 19-20, June 2016.

Salim, A., Tuninetti, D., Devroye, N., and Erricolo, D.: Modeling the interference of pulsed
radar signals in OFDM-based communications systems. In 2017 IEEE Radar Conference
(RadarConf), pages 0657-0662, May 2017.

Endres, D. M. and Schindelin, J. E.: A new metric for probability distributions. IEEE Transactions
on Information Theory, 49(7):1858-1860, July 2003.

Fuglede, B. and Topsoe, F. Jensen-shannon divergence and hilbert space embedding.
In International Symposium onInformation Theory, 2004. ISIT 2004. Proceedings., pages
31—, June 2004.

Kullback, S. and Leibler, R. A.: On information and sufficiency. Ann. Math. Statist., 22(1):79-86,
March 1951.

Zhang, Q., Zheng, Y., Wilson, S. G., Fisher, J. R., and Bradley, R.: Excision of distance mea-
suring equipment interference from radio astronomy signals. The astronomical journal,
129(6):2933, 2005.

Hegazy, A., Mosaad, M., and M hassan, A.: FMCW software defined radar for range and speed
estimation, August 2016.

Roberton, M. and Brown, E.: Integrated radar and communications based on chirped spread-
spectrum techniques. In Microwave Symposium Digest, 2003 IEEE MTT-S International,
volume 1, pages 611-614. IEEE, 2003.




Education

Awards

Experience

Projects

VITA

Manas Nyati

M.S. Electrical and Computer Engineering 2015 -2018
University of Illinois at Chicago

B.Tech. Electronics and Communications Engineering 2011 - 2015
Rajasthan Technical University

Nokia TLC Award

Pfizer Scholarship

Department of Science and Technology Scholarship
Department TFW Scholarship

Academic Medal & Excellency Award

Small Cell RF Hardware Engineer Intern at Nokia
Research student at Andrew Electromagnetics Laboratory
Teaching Assistant at ECE department for various courses

EM Scattering Analysis using ANSYS HFSS at 2.4GHz
Real-Time Communication on NI-USRP Platform

Physical Layer Simulation of an LTE-OFDM System

Wireless Robot with the Fractal Antenna (Microcontroller 8051)

49



	to1 Introduction
	 Experimental Setup
	 Theory
	 Transmitted Signal
	 Received Signal


	to2 Analytical model of the Radar Signal at the Communications Receiver
	 Radar transmission system (Radar pulse generation)
	 Communication receiver system (Radar pulse reception)
	 Rectangular radar pulse model and its analysis
	 The PMF of the radar's amplitude
	 The PMF of the radar's phase
	 The joint PMF of radar amplitude and phase


	to3 Test and Measurement Solutions
	 Test for Communications System Alone
	 Test for Radar System Alone
	 IQ Analysis for INR/Pr variation (R, TPRI=constant)

	 Test for Joint Radar-Communications Sytem
	 IQ, BER & EVM Analysis for Different Pr(INR) and Pc(SNR) variation (R, TPRI=constant)
	 IQ & BER Analysis for TPRI variation (Pc, Pr, R= constant)
	 IQ, Spectrum & BER Analysis for Fr variations (Pc, Pr, R, TR=constant)
	 IQ & Spectrum Analysis for Bandwidth (Br,Bc) Variation (Pc, Pr, TR=Fixed)



	to4 Evaluation for different radar pulses
	 Case A: Rectangular radar pulse
	 Marginal PMFs
	 Joint PMF

	 Case B: DME radar pair pulse
	 Marginal PMFs
	 Joint PMF

	 Case C: Chirp radar pulse
	 Marginal PMFs
	 Joint PMF


	to5 Conclusion
	to CITED LITERATURE
	to VITA

