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This paper provides an overview of the most recent passive radars Received 15 May 2021
based on long-term evolution (LTE). To begin, this paper investi- Accepted 18 July 2021

gates the various characteristics and requirements of 4 G LTE sig-
nals for radar, taking performance aspects such as range, velocity,
range resolution, and velocity resolution into account. An ambigu-
ity function analysis is performed on a measured LTE signal using
the synchronization and reference signal components to evaluate
key performance parameters such as Doppler and range character-
istics. We also discuss how LTE passive radar can be used in a variety
of applications. The detailed analysis of the LTE downlink signal, its
structural overview, and the effect on cross- and self-ambiguity
functions are all discussed. The paper investigates related standard
development proposals, with a focus on performance evaluation
criteria for existing passive radar technologies. As a result, this
survey paper serves as a starting point for evaluating the perfor-
mance of current and future passive radar innovations, including an
emerging 5 G radar.

1. Introduction & motivation

Passive radar systems are a type of radar system that detects and tracks targets in the
environment by processing reflections from non-cooperative sources of illumination, such
as commercial broadcast and communications signals. The use of passive radar to detect
aircraft targets dates back to 1935, when Sir Robert Watson-Watt conducted a bi-static
experiment at Daventry using the illumination from the shortwave of 49 m wavelength
BBC Empire transmitter to detect a Heyford bomber aircraft at a short distance of 8 km
Swords (1986), Jack. Gough and Great Britain (1993). Long-term evolution (LTE) is the
state-of-the-art wireless communication technology that delivers last-mile broadband
cellular connectivity. Bandwidth range of LTE signals varies from 1.4 to 20 MHz with
high range resolution and velocity resolution as compared to global system for mobile
communications (GSM) and other existing cellular network signals. The wider frequency
band of 800-3500 MHz, which supports both frequency division duplex (FDD) and time
division duplex (TDD), and global coverage of LTE signals make passive radar configura-
tion both feasible and accessible. Further, LTE utilizes orthogonal frequency division
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multiple access (OFDMA) and its ambiguity function produces lower side-lobes. Hence, all
these mentioned properties make the LTE signals a strong candidate for the passive radar
systems (Raja Abdullah et al. 2015; Salah et al. 2013).

The utilization of LTE signals for applications in radar systems has been explored in
Salah et al. (2013). Further, in Evers and Jackson (2014a), LTE signal-based radar exploiting
the properties of OFDM has been considered. The digital signalling in LTE with low error-
rate decoding makes it a good contender for passive radars. Further, the OFDM in LTE
signal has demonstrated efficacy in target identification based on Fourier analysis/
Frequency analysis. Previous works on FM radio, WiFi, television station (DVB-T) broad-
casting in UHF/VHF frequency bands for passive radar purpose have been presented in
Coleman, Watson, and Yardley (2008), Kuschel et al. (2008), and Mueller et al. (2007).

There is a growing demand for Unmanned Aerial Vehicles (UAVs), Unmanned Ground
Vehicle (UGVs), and autonomous robots in recent years. LTE passive radars have shown to
be highly useful in detecting these autonomous vehicles, UAVs, UGVs, and outdoor robots
(Dan et al. 2019; Fang et al. 2018; Kratky and Fuxa 2015; Vinogradov, Kovalev, and Pollin
2018a). High-speed railway network surveillance (Blazquez-Garcia, Casamayon-Anton,
and Burgos-Garcia 2018), vehicle-to-vehicle (V2V) communications (Kwon et al. 2016)
are some of the other applications that have considered deployment of LTE passive
radars. However, a comprehensive survey considering the state-of-the-art in LTE-based
passive radars has not been explored. Hence, this paper presents a comprehensive survey
of LTE passive radars which have been considered in different application scenarios. Main
focus of this survey article is to analyse the characteristics of the LTE signal structure that
are helpful from the passive radar perspective. The key parameters of LTE passive radar
along with the signal processing details are also discussed.

The remainder of the paper is organized as follows. In Section 2, introduction to passive
radar is presented. LTE signal structure and overview details are given in Section 3. Key
parameters of the LTE passive radars are presented in Section 4. LTE passive radar signal
processing details are discussed in Section 5 in which various types of LTE passive radars
are also presented. Section 6 introduces 5 G-NR radar research and future progress of LTE
passive radar. Finally, Section 7 presents some concluding remarks.

2. Introduction to passive radar

A passive radar includes only a receiver without a paired transmitter. Passive radar
has several advantages over active radar despite being having no transmitter, as no
additional frequency bandwidth is required and which makes it invisible and unrecogniz-
able to monitoring receivers and they also do not add additional interference. Further, the
total system cost can be minimized as transmitter is not required in a passive radar
system. In recent years, the deployment of the base station (base station provides the
connection between mobile phones/users and the mobile network) for passive radar
systems has attracted significant attention from the international radar community. Base
stations like; Broadcast and terrestrial systems including FM radio station, 3 G GSM, and
Digital Video Broadcasting (DVB-T) have been considered good contender for passive
applications and have been practically implemented. This is primarily done for systems
without any line of sight. The study of LTE signal and its structure for passive radar is
a topic of current interest (Evers and Jackson 2014a; Raja Abdullah et al. 2015; Salah et al.
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2013). LTE has well-defined cellular standards, which also expand the utilization of digital
waveform for radars. LTE like GSM allows user equipment (UE) or receiver to synchronize
with base station along with the processing of the received signal. In addition to these
synchronization signals, features of LTE signal can be used to create good matched filters
for range estimation and Doppler profile, which are the characteristics of any radar. This
paper accumulates such radar characteristics and its use in the LTE cellular standard.
Figure 1 gives an overview of the LTE-based passive radar.

2.1. Usage scenarios

The major applications of passive radars can be found in air, oceanic, and ground surveil-
lance. The application area of passive radars depend upon base station properties. The
most common and useful performance measures for inspecting the radar performance for
a given signal/waveform are Range-Doppler (RD) map and an ambiguity function.
Ambiguity function, in a broad sense, is used to analyse the waveform for passive radar
utilization by investigating the Doppler and Range resolution (Evers and Jackson 2014a).
Some other applications of passive radar as shown in Figure 2 include industry automation
(Xu et al. 2019), smart city surveillance (Gémez-del-Hoyo et al. 2015; Li et al. 2019), UGVs, UAVs/
Drones (De Quevedo et al. 2018; Jian, Lu, and Chen 2018; Liu et al. 2017), and smart parking
(Sonny et al. 2020). In majority of these applications, it can be observed that passive radars
using LTE are a favourable solution. Next, we present an overview of LTE physical downlink
channel (DL) including its signal structure (3rd Generation Partnership Project 2010).

3. LTE signal structure & overview

LTE can use either of the two different transmission scheme: First one is frequency division
duplexing also known as FDD and second one called as time division duplexing also
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Figure 1. LTE passive radar for vehicles and UAVs.
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Figure 2. LTE passive radar usage scenario.

known as TDD. Both of these scheme use OFDM/OFDMA property. FDD has a different
frequency band for both uplink (UL) and downlink (DL) transmissions, whereas, TDD
serves both the uplink (UL) and downlink (DL) transmissions in same frequency band.
For explanation of the signal details, we have considered only the FDD-DL in this paper as
most of the Telecom service providers uses this transmission method. However, similar
analysis is possible for the TDD-based LTE. The LTE standard considers various channel
bandwidths like 1.4, 3, 10, 20 MHz. The channel bandwidth consists of P-subcarriers which
have 15 KHz or 7.5 KHz separation frequency width support for LTE depending upon the
configuration. The parameter, P, depends upon the number of FFT points considered.
Figure 3(a) illustrates the FDD LTE DL signal. The symbol is a collection of N orthogonal
modulated sub-carriers, which also have guard band and Direct Current (DC) subcarriers
as shown in Figure 3(b). The typical sub-carriers contain the user data. These sub-carriers
are modulated by either of the following modulation schemes: quadrature phase-shift
keying (QPSK), 16 quadrature amplitude modulation (16 QAM), or 64 QAM. Then, the sub-
carrier is sent to IDFT (inverse discrete Fourier transform) or commonly used inverse fast
Fourier transform (IFFT) of the modulated signal. A cyclic prefix (CP) will be attached to
this IDFT/IFFT sequence to reduce the multi-path effects. A cyclic prefix is a copy of small
portion of the end part of IDFT/IFFT sequence, which is affixed at the start of IDFT/IFFT
sequence. This complete sequence is known as a data symbol, which is also the basic
generation method of an OFDM symbol. LTE has two cyclic prefix configurations as per
standards; normal cyclic prefix or extended cyclic prefix (3rd Generation Partnership
Project 2010). The normal cyclic prefix is preferably used when there is low delay spread
channel, whereas, extended cyclic prefix is used when the channel has high delay spread.
Normal cyclic prefix is used in most of the cases. A slot can either have Ngyy = 6 symbols
for extended CP or Nsyp = 7 symbols for normal CP. FDD LTE DL data symbols have a slot
duration of 0.5 ms, sub-frame of 1 ms, and a frame of 10 ms and this duration is constant
throughout the transmission. The whole DL signal, consisting of one frame, can be used as
a radar pulse. This was the basic overview of the FDD LTE downlink signal for radar
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Figure 3. LTE downlink frame structure (3rd Generation Partnership Project 2010)

purpose. In the next part, cell-specific reference signals (CSRS) and synchronization signals
(SS) are explained: which can be used for coherent radar processing.

3.1. Synchronization signals (PSS & SSS)

In LTE standard, there are two different synchronization signals for DL, which are used by
receiver to get the cell identities (CIDs) and frame timings. The two different synchroniza-
tion signals are: primary synchronization signal (PSS) and secondary synchronization
signal (SSS). LTE base station have unique 504 physical layer cell identities (CIDs) for
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a different cells so that a receiver or UE can segregate the information received from
different base stations in vicinity of each other. These 504 CIDs are uniquely generated by
the PSS and SSS. The PSS is made up of 62-length of Zadoff-Chu sequence. The output of
these sequences are then mapped to sub-carriers of slots 0 and 10 of the last symbol. The
details of the Zadoff-Chu sequence and others can be found in 3rd Generation Partnership
Project (2010). For symbols carrying a PSS, the sequences are modulated and other sub-
carriers are then modulated in which guard bands and DC sub-carrier are assigned as zero.
Two binary sequences having length 31 are used to generate the SSS. These two
sequences are scrambled making a total 62-length SSS. The mapping of SSS is done
similar to PSS, SSS having length of 62 is mapped to 62 sub-carriers about the DC sub-
carrier at centre. If first SSS signal is noticed at sub-frame 1, then the synchronization can
be attained at the next frame having SSS signal in sub-frame 1. Cell search can be done by
both PSS and SSS.

3.2. Cell Specific Reference Signals (CSRS)

Cell specific reference signals (CSRS) are deployed so that the UE/receiver can easily
identify the transmitting antenna. The CSRS is generated by a pseudo-random Gold
sequence having 31-length, the expression can be found in 3rd Generation Partnership
Project (2010). This Gold sequence produces complex modulation values for each CSRS,
which is modulated by quadrature phase shift keying (QPSK) modulation. Even though
CSRS are complex as well as pseudo-random, it can easily be evaluated by the known
physical layer CID. If Physical layer CID is not known, then using the PSS and SSS, it can
easily perform the cell search and extract CID for CSRS (3rd Generation Partnership Project
2010).

The position of CSRS sub-carrier is determined by physical layer CID as well as number
of antennas being used (3rd Generation Partnership Project 2010). For single antenna, the
CSRS occupy symbols 0 and 3 in a slot where normal CP is being used. Whereas, for
extended CP, CSRS occupy symbols 0 and 2 (note that this number can change with the
number of antennas being used). The positions of the CSRS are given by the mathematical
expression provided in 3rd Generation Partnership Project (2010). Further, CSRS are
mapped on every six sub-carriers (shown in Figure 4), with consecutive CSRS symbol
having a frequency offset of minimum three sub-carriers. Figure 5 gives a graphical
indication of an example for the location of CSRS.

Figure 6 shows a measured LTE down-link transmission using universal software radio
peripheral (USRP) E312 from Ettus for a centre frequency of 1.83 GHz (Telenor operator).
Unlike conventional broadcast signals, LTE physical down-link signals barely exist at every
time instant to lower the power consumption (of both UE & base station). Figure 4 shows
the resource grid of collected LTE waveforms, which also shows random and deterministic
components in real-time LTE. The deterministic components are the important ones for
down-link processing, which include: secondary synchronization signal (SSS), primary
synchronization signal (PSS), cell specific reference signal (CSRS), physical down-link
shared channel (PDSCH), physical broadcast channel (PBCH), and physical down-link
control channel (PDCCH). During the idle state of base station or evolved Node Base
(eNB), the UE receives only noise. A detailed description & explanation of the down-link
and up-link signals and deterministic channels can be found in 3rd Generation
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Partnership Project (2010). Next, we discuss suitable parameters to be considered for
a passive radar system.
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4. Passive radar parameters

In this section, we discuss the key passive radar parameters, namely, ambguity function,
range/velocity resolution, and range-doppler map.

4.1. Ambiguity function

The ambiguity function (AF) or commonly known as cross ambiguity function (CAF) is
done between two different signals to show the properties of the radar waveform, which
include resolution (range, angle) and ambiguities Doppler dimension as well as ambi-
guities in delay (Costas 1984). The AF is defined as

o.¢]

X o) = J x(t)x"(t — 1)exp(j2nfpt)dt, (M

—00

where, x(t) represents the transmitted signal or waveform, * denotes the complex con-
jugate of signal, T denotes delay and f denotes Doppler shift. The T can also be defined as
the radial delay with respect to the receiver. Bi-static radar is a type of radar consisting of
a transmitter and receiver separated by some distance. Figure 1 represents the passive bi-
static radar in which transmitter location is unknown to receiver and they are separated by
some distance. For the bi-static radar, bi-static delay should be considered, which is the
ratio of the bi-static range and the speed of light.

Figure 7 depicts the typical AF of a real-time LTE signal. It actually shows the relation of
delay, Doppler shift, and intensity of reflection (which is proportional to target cross
section) from target. The following purposes are served by the CAF. It provides the
necessary gain for signal processing to detect targets (matched filter). It is used for
estimating Doppler shifts and target range. If any target is detected, a spot will be
made in graph with respect to target cross-section (intensity) of the target and the 1 delay.
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4.2. Range and velocity resolution

Range resolution, AR is the minimum distance required by the radar to differentiate two
different targets, which can either be moving with the same or different velocities and
having bi-static bisector (8) between the transmitter-target-receiver as shown in Figure 1.
It is given as (Salah et al. 2013; Raja Abdullah et al. 2015)

C

AR =
2 % BW x cos(B/2)’

()

where, BW is bandwidth of the transmitted signal, c represents the speed of light
(3x108 m/s), and B is the bi-static angle between the transmitter-target-receiver. The
standard LTE signal bandwidth varies from 1.4 MHz to 20 MHz depending upon the
location and telecom operator. Thus, the range resolution can vary from 8.66 m to 34.6 m
with the LTE bandwidth of 20 MHz to 5 MHz, assuming the conventional bi-static angle to
compare with existing passive bi-static radar like FM/GSM to be 3 = 60° as shown in Tan
et al. (2005b). Table 1 and 2 highlights some key differences in these technologies in terms
of there signals.

The Doppler resolution is used to differentiate the targets moving at various velocities
or a single target moving with the different velocities. This Doppler resolution can be
calculated from the CIT (coherent integration time) of the receiver. It is given as

1
Afp = 7 3)

where, T is the coherent integration time and Afj is the Doppler shift/resolution. The
velocity resolution can be defined as the ability of radar to differentiate at least two
targets moving in different velocities at the same range. It is defined as
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A

av= 2xTxcos(B/2)’

(4)
where, A represents wavelength, Av represents velocity resolution. Considering T to be
0.5 sec, we will have Afy =2 Hz, and with A = 0.16 m, 8 = 60°, we will get velocity
resolution Av of 0.189 m/s. Hence, LTE passive radar can differentiate two targets moving
at a velocity difference of 0.189 m/s.

4.3. Range-Doppler map

From a Range-Doppler map, we can see how far the targets are and their movements. It
differentiates among the targets moving with different velocities at different ranges. For
example, for a stationary transmitter, a Range-Doppler map shows an output for the
stationary targets/objects at zero Doppler. In case the targets are moving for a stationary
transmitter, the Range-Doppler map will show a response at non-zero Doppler values
which can be observed in Figure 8. We can also use the Range-Doppler response in other
ways, for e.g. to extract peak information/detection in the Range-Doppler map and use
that information for classification, etc. The standard signal processing uses RD (Range-
Doppler) map which is directly related to 2-Dimensional CAF. An example of Range-
Doppler Map is shown in Figure 8. Further, for detection of small targets, we need to
compute higher order of FFTs (2D/3D FFT) (Petri et al. 2012). Next, we present some basics
of radar signal processing.

5. Radar processing

To extract the range and velocity of the target, the received signals are processed as
shown in Figure 9, which provides the overall processing flow of typical passive radar. At
the receiver, we get the received signal x(t) that consists of direct path signal, Doppler
echoes occurred from device noise, and the target signal. It can also be shown mathe-
matically as

X(t) =axe(t— 1) + Y Exe(t =T — 1) + Y yXe(t — T — D)exp(j2mfpt) + n(t)  (5)
i J

where,

« t is the signal delay between the transmitter and the receiver,

- Tj+t and T; +t are the delays between the receiver and the j" target and the respective
i static reflector (from environment like tree, house),

- fp is incurred due to the motion of target also known as frequency shift (due to Doppler
effect),

+q, € y;are complex attenuation factors. y;and € ; are, respectively, RCS (radar/receiver
cross-section) of the various reflectors and positions, and

« n(t) is the device noise which is typically Gaussian in nature.

The transmitted signal, x, is not precisely known. This signal is said to be a reference
signal denoted by x,(t) which we consider to be calculated by LOS/direct path signal.
Then, the (5) can be rewritten as:
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x(t) = axpef(t) + Z EiXrer (t )+ Z YJXref Tj)exp(j2nfot) + n(t). (6)

Typically, the target’s RCS is small, hence y; is very small compared to |a| and |&;|.
It is therefore important to amplify the target signal from the x(t), the received target's
echoes denoted as

Xtar (t Z YXeef (t — Tj)exp(j2rifpt). (7)

To remove the unnecessary reflections, which is a clutter from clutter path denoted as

Xaut(t) = AxXeef(£) + Y EXer(t = T)). (8)

Finally, the reference signal x,¢(t), is compared or correlated to the ‘clutter removed’
processed signal x.u(t) to estimate the range and velocity of the target.

5.1. Recovery of the reference signal

The LTE contains pilot signals which at the time of cross ambiguity function calculation
give deterministic peak that spread over the range Doppler map. Figure 7 shows the
ambiguity function of a real-time LTE signal. The pilot signals have generated the peaks
which can be clearly seen at non-zero Doppler shifts. This complicates the target detec-
tion and thus can cause false alarms. Hence, from the target path signal, the direct path
signal has to be suppressed. Figure 9 depicts the typical passive radar processing. To do
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this, a good duplication of reference signal has to be acquired from the surveillance
antenna/port route. Recovery of reference signal of LTE consists of the following steps.

« (i). A time synchronization like PSS & SSS is executed to detect the start of LTE OFDM
symbol. (ii). Frequency synchronization is executed to arrange sub-carriers with their
respective FFT bins which also includes removal of cyclic prefix from OFDM symbol. (iii).
Pilot sub-carriers like CSRS or any LTE reference signal (Note: Here the reference signal
means the standard LTE Reference signal like CSRS, DMRS, etc.) symbols are used for
channel equalization. (iv). Once channel equalization is done, the whole procedure is then
carried out in the reverse direction to get a good reference signal.

5.2. Estimation of the propagation channel

This step is commonly used for active radar systems. To simplify, we are considering
a noiseless case without reflections from moving targets. Then the received signal con-
tains only the direct path and static-object reflected signal. But the noise n(t) and Doppler
reflections x,,(t) exist in the system which create error on the estimation. However, at the
weak Doppler reflections and at adequate signal-to-noise ratio (SNR), mapping of esti-
mated data allows it to correct most of the errors, i.e. data can be perfectly recovered.
Hence, if we can perfectly recover the data then the channel estimation can easily be
performed and vice-versa, with various available channel estimation algorithms Shao Min
and Nikias (1994).

5.3. Target detection technique

For the target detection, a threshold value is set on the output of the CAF. The threshold is
adapted according to the noise floor variance for given false alarm probability (Pg,).
Detectors like cell averaging constant false-alarm rate (CA-CFAR) are available in the
existing radar literature Richard (2014). An example of CA-CFAR is to use Doppler shift
and delay points in the CAF corresponding to a cell. A threshold around the cell under test
(CUT) can be set from the level of noise floor variance. It is done by calculating the average
power level of the different cell blocks about the CUT. Target signal returns spread across
multiple cells. A target can be termed ‘captured’ in the CUT only if the CAF of that specific
cell is larger than the adjoining cells and with respect to the average power level. This
process is run on the full CAF map.

5.4. Different types of LTE passive radars

The CAF presented in earlier sections is computed between the filtered target signals and
reformed reference signal to evaluate the Doppler shifts & range of the target,

-0

Ix(t,fo)| = ‘(rc xref ()X ear (t — T)exp(janDt)dt> ‘, 9)

where, X.(t) is the reformed reference signal, x,(t) is the filtered surveillance/target
signal, T is the time delay which is occurred due to signal reflection from the target, and
Doppler shift/frequency shift is represented by fp. Various types of AF can be used for LTE
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passive radars and different LTE passive radar techniques available for target detection
(Evers and Jackson (2014a; 2014b) are summarized in the next section.

5.4.1. LTE DL self ambiguity function

Considering x(t) to be one radio frame on down-link transmission, the matched filtering is
performed on it as a received radar pulse. Figure 10 is the output plot of (9) for the self-
ambiguity function (SAF) case, x.f(t) = x(t). In Evers and Jackson (2014b), it has been
shown that the SAF of LTE DL signal for one radio frame will have two peaks at notable
locations: The first one at zero delay and the second peak at the zero Doppler. The
presence of CP portion in the symbol causes the generation of secondary peak as
discussed in Section 3. Similarly, these kind of outcomes from the PSS, SSS, and CSRSs
are expected as they also produce AF peaks, which are further discussed in the follwing
section.

In Figure 10, first peak is present at zero-Doppler and second peak is due to the cyclic
prefix (CP) and is located at Tu time instant. Based on the peak locations in Figure 10, the
radar range for the mono-static case (the system in which transmitter and receiver are
collocated) is ¢T,/2 ~ 10 km. From Table 1), 5 MHz LTE DL signal bandwidth will have
a range resolution of ~ 34 m. Hence, range bins, which is the ratio of radar range and
range resolution will be around 333. From Table 1, we have carrier centre frequency to be
1850 MHz and CIT to be 10 ms which gives velocity resolution of ~ 20.59 m/s. This
velocity resolution is different from the velocity resolution discussed in Section 4.2. Here,
only one radio frame is considered, whereas, in Section 4.2, the whole LTE radio frame is
considered.

Ix(7, f5)I? (dB)

freq f, (KHz) o (us)

Figure 10. SAF of an LTE DL signal.
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Table 1. LTE signal parameters in UiA NORWAY for
TELENOR operator.

PARAMETERS SYMBOL VALUE
Carrier frequency (GHz) f, 1.83
EARFC Number 1450
Physical Cell Id PCl 123
Bandwidth (MHz) B or BW 5
Subcarrier Separation (KHz) Af 15
Data Subcarriers Na 1200
Subcarriers Per Symbol N 2048
Data Symbol Duration (us) Ty 66.7
Cyclic Prefix Ratio AG 1/4
Symbol Duration (ms) Tsym 8.5
SymbOIS NSYM 25
Signal Duration (ms) Ts 196.3
Modulation Scheme 64 QAM

Table 2. Different signal source for passive radar with its waveform properties.

Center frequency Band width Range resolution  Velocity resolution (m/

Base station (MHz) (KHz) (m) s)
GSM 940 813 1845 033
DVB-T 505 6000 25 0.61
FM 97.3 50 3000 3.29
WiFi 2434 20,000 7.5 0.13
WiMAX 2110 20,000 7.5 0.15
LTE - Band 3 1830 5000 34 0.189
LTE - Band 7 2635 20,000 75 0.1
LTE - Band 28 728 20,000 7.5 0.3
LTE - Band 3 (CSRS & SS) 1830 5000 28-34 20.59
5 G-NR 60,000 50,000 0.5-3 1

Since the received signal contains ‘user’ data which is not known, it is computationally
expensive to build and perform the matched filtering. Hence, a direct path signal is
needed, and in addition the received signal has to be decoded which requires a prior
information to create an ideal reference signal. Hence, in Section 5.4.3 and 5.4.4, we
consider a prior reference and known signals for radar response so that a matched filter
could be designed and filtering can be done in simpler manner for LTE DL signal as in 3rd
Generation Partnership Project (2010).

5.4.2. CP OFDM based concept

Inter symbol interference (ISI) is a common problem in wireless communication channel,
one symbol may overlap with the adjacent symbol due to the delay spread in the channel.
To combat this ISI, 3rd generation partnership project (3GPP) has proposed/established
a guard period for LTE signal. Figure 3(a) shows the guard period/interval which is
essentially the cyclic prefix (CP) 3, i.e. some end portion of that symbol is prefixed to
that same symbol. It means that LTE passive radar could follow the radar processing from
CP-OFDM pattern Berger et al. (2008), (2010); Chabriel et al. (2014); Wan et al. (2014);
Xiaoqi Yang et al. (2016). As shown in Figure 1, surveillance antenna receives reflected
echo from UAV (Direct Path 1, 2), echoes from clutter path (house, tree) and from the
direct path as well. If the clutter path possesses high energy, then at CAF, the UAV might
be undetectable due to the side-lobes created by the clutter path. This situation generally
happens when there is tall, dense infrastructure, buildings, and obstacles are present in
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environment around the base station. So, in the surveillance channel, one should carefully
use the direct path signal and multi-path clutters. To overcome, multi-path effects and to
recover the data, the structure of CP-OFDM signal provides a low complexity solution.
Hence, we can actually apply the channel estimation technique which lacks in other
passive radars. The processing steps for CP-OFDM are as follows.

Data can be recovered by an estimated channel. This data is then used to analyse the
original signal, which further is used as a reference signal for CAF. It is then possible to
analyse the wireless channel of the clutter path (reflections from reflectors like tree, house,
also includes direct path), to remove the clutter signal.

Clutter Removal for CP-OFDM: This method assumes that over the symbol, the clutter
effect is same. We have already seen if the original data can be recovered, it is also
possible to estimate, and synthesize the clutter. In Chabriel et al. (2014), a frequency
clutter removal method has been presented which is broadly explained in Figure 11. The
clutter can easily be removed to obtain the target reflections from the surveillance
channel.

Once clutter is removed, RD Map can be produced by applying matched filtering
technique on the target and reference signal, which is 2D discrete Fourier transform
(DFT). Then, we can get information of bi-static range and velocity. However, there exist
challenges associated with this method, radar receives noise and multi-path signal of
down-link physical channels (DPCs) at the ideal state of base station (eNB), i.e. the state at
which UEs is not in touch with base station to save energy. Hence, this problem has to
identified as it will affect the matched filtering and clutter cancellation performance.

In Dan et al. (2019), an LTE Passive radar for UAV detection using an SDR has been
proposed. A bandwidth of 15 MHz for a 10 m range resolution has been considered in Dan
et al. (2019). In the receiver system, 18 dBi gain 18-elements Yagi-uda antenna with 32°
beam-width in both the reference and target antennas have been used in SDR Kratky and
Fuxa (2015); Vinogradov, Kovalev, and Pollin (2018b). In this, CP OFDM-based passive
radar concept has been used. The UAVs maximum velocity equal to 20 m/s, LTE centre
frequency of 2 GHz, and a 250 Hz as the maximum Doppler frequency for moving target
(UAVs) has been considered. The developed radar system suits the low-altitude traffic
monitoring.

5.4.3. CSRS cross ambiguity function

In CSRS CAF, x,£(t), is made-up of using xcsgs(t), which contains only the CSRSs (and rest of
the symbols and sub-carriers are zeroes). From Section 3.2, it is already seen that the
CSRSs occupy every third/fourth symbol of every sixth sub-carrier (depending upon
antenna configuration 3rd Generation Partnership Project (2010)), with successive CSRS
symbol having a three sub-carrier frequency difference. According to Levanon and
Mozeson (2004), the CAF for a pulse frequency train is depicted in Figure 12 and given by

sin(Qm(v + k1))
(Qsin(n(v + k) Tp))

X(T, V)| = [Xqu1 (T, v 4 ksT)| % , (10

where, signal ambiguity output for one period is xq-1(7, v+kcT), T, is the PRI (pulse
repetition interval) of the signal, and k; is the frequency slope.
The frequency slope of CSRS signals is given by
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Figure 11. CP-OFDM based detection.
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Figure 12. CAF of an LTE CSRS signal.
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The resulting peaks locations of the CSRS CAF are given by

(t,v) = (”TTT“ + 62Tsym, ﬁ + 6£;m + 6Afz)
= ((11.11n; 4+ 5002)us, (4n, + 2n; + 90z)KHz),

(12)

where, n;, z, and n,, are integers. The total energy contained in x(t) will be more than xcsgs
(1)

The knowledge of CSRS allows to generate the reference signal for the radar. There is
no change in range resolution (~ 30 m) as compared to the full LTE DL signal. But
velocity resolution is changed (= 21 m/s) slightly.

Despite having many similarities, xcsgs(t) is not as powerful as x(t). As shown in
Figure 10 & Figure 12, the difference of maximum value of the CSRS-CAF and maximum
value of the DL-SAF is —12.55 dB. Hence, this method will work for vehicle detection when
matched filtering is done with the CSRS signal for a higher signal to noise ratio (SNR).
Although xcsgs(t) does not provide good performance as compared to x(t), i.e. LTE DL, it
certainly offers a cost effective approach, which requires simple processing technique and
less hardware for some applications.
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5.4.4. Synchronization signals CAFs

Similar to the approaches presented in the previous subsections, a matched filter based
on the information of synchronization signals (SS) features so that X.dt) = xss(t) is
considered here. A sub-frame is divided into slots of 14 successive symbols, the slots
have a duration in milli-seconds which depends on adjustment of symbol timings. It can
be calculated by detecting the synchronization signal (PSS & SSS). The range estimation
can be done by time-domain PSS correlator. The PSS is 63-length m-sequence in fre-
guency domain (including DC subcarrier), and the PSS eases frequency and time ambi-
guity offset from Zadoff Chu sequence of 62-length for LTE. The CAF of PSS & SSS is shown
in Figure 13. The zero Doppler peak occurs due to CP at T, = 66.67 us and the non-zero
peaks are from the auto-correlation sequences of Zadoff Chu and binary sequences,
which define the synchronization signals (SSs) and the reason of largest peak occurred
outside the zero delay 3rd Generation Partnership Project (2010). However, the synchro-
nization signals large pulse repetition interval (PRI), results in peaks in every 166*Tsyy =
182 Hz along the zero delay, from the Dirichlet sinc term Evers and Jackson (2014a).
Further, the Sync signals occupy only 62 sub-carriers (for 20 MHz) in the middle of LTE DL
signal bandwidth, which degrades the range resolution to ~ 40-50 m. Similar to the
signals, the SS provides the velocity resolution of ~ 21 m/s. Even-though the capabilities
of xss(t) is limited to x(t) like CSRS, the synchronization signals also offers simpler
processing.

5.4.5. MIMO in LTE

LTE employs MIMO technology to enhance data rate and reliability. In case transmit
diversity is used, similar content is transmitted or broadcasted on the resource grid
from multiple antennas, making their CAF or AF similar. Hence, the total CAF or AF
remains unchanged. Let us consider a MIMO systems consisting of M transmit and
N receive antennas. We assume the signals which are being transmitted from the different
antennas are non-overlapping on same bandwidth, and each receiver has N-element
array. The signal at the N™ receiver of i" element is the sum of target path, direct path,

Ix(r, ) (dB)

freq fD (KHz)

Figure 13. CAF of an LTE SS signal.



7508 P. K. RAI ET AL.

and clutter signals from each of the M transmit antennas. Figure 14 shows the conven-
tional LTE MIMO passive radar.

A MIMO radar system prototype can be classified in three groups Fishler et al. (2004):

- Conventional radar array: This system consists of a transmitter array and a receiver
array. The elements of array are separated by half wavelength distance to allow beam-
forming and direction finding (DF).

« MIMO radar for DF: In this system, antennas at the transmitter are spaced widely to
support targets spatial diversity property and array in receiver performs DF. This scenario
has been addressed in Khawar, Abdel-Hadi, and Clancy (2014). The respective pairs of
antennas are sufficiently separated to meet the orthogonality condition (d = lambda/2)
for targets of interest. Some common aspects:

° Assuming the antenna elements of both the transmitting and the receiving sides are
omnidirectional.

° For processing, multiple independent copies of the received signal are available.

° When the number of receiving antennas exceeds the number of transmitting anten-
nas, the channel parameters are known (Multiple orthogonal copies of the same signal).

° This will eventually increase the diversity gain and degree of freedom.

+ Multiple target detection: In this system, MIMO radar is used to detect multiple
objects/targets. In this, transmit antennas are less separated than in the previous scenario,
such that the scatters belonging to the same target are resolved. The detection technique
will be similar to Direction Finding, with the exception that the entries on the receiving
correlation matrix will be completely uncorrelated due to the non-orthogonality of the
received signal reflected by multiple targets.

MIMO radar can also be considered as a special case of many traditional radars. Further,
with M transmit and N receive antennas, the channel response matrix can be considered
as a space-time channel response density matrix which is function of space and time.
Several channel estimation are available for the MIMO LTE scenario such as least squares

MIMO transmit array with ™

M transmitters/antennas

th(t)Y Y 00 G YXIM(‘[) _______
r————  TTE-al
- aflg it

1 -,
. -,

] Phe

- -
L R
L R
" —

X,0Y ?A X0

MIMO receive array
with N antenna

Figure 14. Conventional LTE MIMO passive radar.
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or minimum mean square estimator (MMSE) Gesbert et al. (2003); Wubben et al. (2003).
On the other hand, Colocated MIMO radars have antennas that are close together and see
the targets from the same angle. One of the primary benefits of colocated MIMO radars is
their high angular resolution due to waveform diversity Haisheng et al. (2015a), Haisheng
et al. (2015b).

In Bliss and Forsythe (2003), the performance of two MIMO and one classical array
system has been compared. It has been shown that the MIMO improves resolution
compared to traditional radar systems. There exists many detectors like Gram matrices
(PSL-GLRT, PMR-GLRT) and non-coherent integrator (like AC-CAF, C-CAF, AMR-GLRT,
D-CAF) Hack (2013) which employs detection fusion integration (M-of-N) for MIMO
scenario.

The key topics that can be summarized for MIMO radar are as follows.

« Targets with a diverse back-scatter, perfect processing of LTE MIMO radar leads to
increase in diversity gains in the form of improved signal-to-noise ratio (SNR). The energy
collected from the scatterers reflection is being processed and combined non-coherently.

« MIMO radar can detect and resolve targets which are closely spaced with high
resolution.

« A good diversity gain for DF can be achieved with MIMO radar which have
a transmitter and receiver array which are widely distributed.

- Targets moving in different directions can also be observed over an angular sector.

Main advantages of MIMO radar are:

- Direction finding, Static or moving target detection, Diversity gain, MIMO radar can
use adaptive detection techniques, and Multidimensional space for processing can be
done with the use of spatial multiplexing in MIMO configuration by the combination of
transmit and receive antennas.

In Khawar, Abdel-Hadi, and Clancy (2014), the concept of MIMO LTE radar spectrum
sharing between a LTE configuration system and MIMO radar with several base stations in
different cells has been considered. Since a cellular system has several base stations, it will
give rise to more than one interference channel which can again be used for radar
processing.

5.4.6. LTE Commensal Radar

LTE Commensal Radar is a novel way to use existing LTE infrastructure to monitor
environmental changes and assess feasibility. Santu et al. named the system LTE-
CommSense, and it can be used for a variety of environmental sensing objectives such
as disaster monitoring, sea state monitoring, snow avalanche monitoring, security of large
unmanned landscapes, and so on. This technology focuses on known reference symbols
in LTE signal frames, which are used to estimate changes in channel properties. LTE
spectrum will be used to obtain channel estimates without interfering with existing
infrastructure, allowing it to be used as passive radar.

This method senses the environment and predict/classify the objects. This method is
useful for both indoor and outdoor scenario where the field of interest is small, i.e. 20 m as
well as in indoor localization (Sardar et al. 2018b). In Sardar, Mishra, and Khan (2017,
2018a, 2020) a new method, CommSense, which uses LTE telecom infrastructure to sense
the environment change has been proposed. It is a receive-only system. It checks and
differentiate the received signal with the expected reference signal to detect the changes
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in the channel environment. After the channel estimation process, application-specific
instrumentation (ASIN) framework is used to detect the environmental change as shown
in Figure 15. The data is taken with the help of USRP-SDR but any device can be used in
which LTE signal is captured. The channel estimation block output contains information
like fading, scattering or commonly known as channel state information (CSI). The
principle component analysis (PCA) technique is used to reduce the estimates dimension.
After that FrFT (fractional Fourier transform) is applied to analyse the frequency-time
relationship, i.e. to check whether it is separable for different scenarios or not.

Sensing performance of commensal for a particular object changes with its distance
from the receiver. Firstly, this system estimates the channel state information (CSI) from
the received telecom signal. Secondly, it predicts and evaluates the environmental
changes from the change in the channel characteristics.

Two types of input signals are required, i.e. there will be two different processing
chains. The first one is used when real-time input data is coming from UE/receiver
installed in the environment. The second chain is required when the central processor
sets the processing and information depending on the use-case of the LTE CommSense. In
the next stage, the CSls are used to attain knowledge about the environment by an NN
classifier. PCA is used to reduce dimension. The objective of this phase is to create the
usefulness of detecting objects like human targets in an indoor/outdoor scenarios using
cluster analysis. An average recognition of object/human with an accuracy of 88.9% has
been achieved. It can be used for classification of different objects like car, bike, etc. The
range resolution varies in the LTE Commensal radar case with minimum being 0.5 m.
Velocity resolution has not been considered so far for LTE Commensal radar. Even though
it has poor resolution but with the use of Al techniques, the accuracy as well as classifica-
tion has been improved in both indoor and outdoor scenarios. Commensal radar is more
suitable for applications where range resolution is not a major concern.

Detector
Offline Training and
data .V¥ Database
OTE Channel generation generation
Downlink Estimation R
SHrl —| and Channel
from SDR Informaj[ion
Extraction LTE
Commsense
Detector
Event
occurrence | |
likelihood and
Classification

Figure 15. LTE commensal radar working principle.
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Figure 16. Summary of the types of LTE passive RADAR.

Figure 16 and Table 3 summarize the various types of LTE-based passive RADARs.

6. Introduction to 5 G-NR RADAR

Because 5 G NR radio packets are nearly identical to 4 G LTE radio packets, the LTE passive
radio system will find it easier to transition to 5 G passive radar. Additionally, increased
bandwidth and MIMO capabilities will eventually improve the properties of passive radar.
In Baquero Barneto et al. (2019), the type of processing principles, implementation
challenges, and performance of OFDM radars on base stations of 4 G LTE and 5 G-NR
has been evaluated with their usage for surveillance applications. Range-Velocity estima-
tion and target detection performance has been done using simulations. It has been
reported that 5 G-NR waveforms through their configurable sub-carrier spacing & band-
width gives a good sensing performance which is quite intuitive as the resolution
improves with more bandwidth. The 5 G Tx-Rx are considered for OFDM radar case
specifically on shared antenna case. The channel bandwidth of 100 MHz is used to provide
better sensing below 6 GHz frequency range. The accuracy for range estimation has been
around 1T m and even at lower SNR like —30 dB, the detection probability of object has
been around 90%.

In Thoma et al. (2019) a new radar service known as cooperative passive coherent
location (CPCL) has been proposed. It is a type of MIMO radar which is for public user
groups offered by mobile network. The CPCL extends the passive radar idea by establish-
ing cooperative principles which takes advantage of 4 G LTE & 5 G NR systems. SDRs are
used for synchronous radio signalling which is then fused with radar data. CPCL promises
to be an ever-present radar service which is re-configurable and adaptive. It is also
considered as a green technology because it uses full radio resource, i.e. full frequency
band and hardware. The idea of CPCL method came from the vehicle to vehicle (V2X)
communication, and it can also be used in different applications like in logistics service,
UAVs, transport service and in security applications.



7512 (&) P.K RAIETAL.

Table 3. Summary of the types of LTE passive radars.

LTE passive Technology used for
radar types LTE passive radar Authors Advantages
LTE DL Self Whole LTE downlink  3rd Generation Partnership Pro (2010), Dan  Best range & velocity
Ambiguity signal is used for et al. (2019); Evers and Jackson (2014a); resolution
Function passive detection Raja Abdullah et al. (2015); Salah et al.
(2013)
CP OFDM-based Only CP-OFDM Berger et al. (2008), (2010); Xiaoqi Yang et al. Low processing time
concept property of LTE is (2016)
used for passive
detection
CSRS Cross- Properties of LTE-CSRS Dan et al. (2018); Evers and Jackson (2014b) Less hardware and
Ambiguity is used for passive complexity but have poor
Function detection range and velocity
resolution
Synchronization  Properties of LTE-SS is Evers and Jackson (2014b) Less hardware and
Signals CAFs used for passive complexity but have poor
detection range and velocity
resolution
MIMO in LTE MIMO properties of Bliss and Forsythe (2003); Fishler et al. More hardware and
LTE is used for (2004); Khawar, Abdel-Hadi, and Clancy complex but have best
passive detection (2014) range and velocity
resolution
LTE Commensal  CSI collections and Sardar, Mishra, and Khan (2017, 2018a, 2020) Have good range resolution
Radar environment but velocity resolution is
sensing not reported

A 5 G-NR Radar which uses same OFDM structure for both radar and telecommunica-
tion purpose with same spectral efficiency and transmit energy has been proposed in
Kiviranta, Moilanen, and Roivainen (2019). Radio frame duration of 10 ms has been
considered and it consists of ten sub-frames of 1 ms in both 4 G-LTE & 5 G-NR (3rd
Generation Partnership Project 2010). The sub-frames have two slots consists of 14
consecutive symbols. The slots duration is in milliseconds, and also depends upon symbol
time adjustment which is obtained by identifying PSS & SSS like synchronization signals
(E. Parkvall, Dahlman, and Skoéld. 2018; M Kratky and Fuxa 2015). These synchronization
signals can be used for object detection and range estimation as seen in Section 5.4.4. The
PSS is a 127 length m-sequence in frequency domain, it relaxes the ambiguity problem of
time and frequency offset created by Zadoff Chu sequence and particularly in LTE case.
However, the 5 G case is quite different from LTE as a synchronization signal block (SSB)
consisting of 4 symbols exists in 5 G-NR. A burst of synchronization signal blocks (SSBs)
can be transmitted (depends upon frequency range and sub-carrier spacing) which is
claimed to be a solution of problem created by Zadoff Chu sequence (PSS/SSS). Frequency
offset has a greater impact on property of auto-correlation which has to be resolved
before the SSS and PSS detection. The simulation model is shown in Figure 17 without
synchronization loop and frequency error as considered in Kiviranta, Moilanen, and
Roivainen (2019). When the peak at correlation output of PSS block is observed, the
range is assumed to be a round trip time from radar to object to radar (which is monotonic
radar case), for passive radar case we have. Also, with the use of frequency estimate block,
object velocity can be calculated when PSS correlation peak is detected. Frequency offset
estimation is done by cyclic prefix (CP) correlation, Which is elaborated as follows: In
estimator block, the correlation is taken between the 5 G-OFDM received signal with its
delayed version of fast Fourier transform (FFT). After that the output is integrated across
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Figure 17. A prototype of 5 G radar.

all parts of symbols (including CP) and averaged over the slot. From the strongest
correlation peak, phase ¢ is obtained which is used to estimate frequency offset. Rest of
the radar processing is similar to the previously discussed methods for range, velocity, RD
map, etc.

In Barneto et al. (2019), similar work as seen in LTE DL self ambiguity radar has been
proposed. The whole 5 G signal has been used to sense the object with just spectrum
sensing. The system is able to sense objects at a maximum range of 100 m.

7. Discussion & conclusion

Because LTE has two sub-carrier separations, 15 kHz and 7.5 kHz, the sub-carrier is
adjusted according to bandwidth without affecting range resolution. When the band-
width is increased from 1.25 MHz to 20 MHz, the range resolution improves from 120 m to
7.56 m.

Table 3 depicts and compares the waveform properties of currently implemented
passive radar base stations of interest for various communication technologies such as
FM, DVB-T, GSM, WiFi, and WiMAX (Chetty, Smith, and Woodbridge 2012; Colone, Falcone,
and Lombardo 2010, 2012; Dan et al. 2018; Evers and Jackson 2014a; Feng et al. 2019; Guo,
Woodbridge, and Baker 2008; Howland, Maksimiuk, and Reitsma 2005; Jishy et al. 2010;
Saini and Cherniakov 2005; Tan et al. 2005a; Wang, Hou, and Lu 2009a,b,c). It can be
concluded that:

(1) Wide band signals such as LTE, DVB-T, WiFi, WiMAX, and 5 G provide good range
resolution. MIMO, on the other hand, improves the properties of LTE passive radar,
making it a better choice.

(2) LTE and 5 G provide the best velocity resolution when compared to WiFi and
WiMAX.

(3) In terms of coverage area, LTE can cover tens of metres (pico and femto cells) and up
to ten kilometres (macrocell). Thus, LTE can cover a wide range and is regarded as
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a suitable wide range passive radar, i.e. in the blind spot of an LTE network, the direct path
signal can be selected from the nearest base station.

(4) Because of their lower hardware and implementation complexity, CSRS and SS-
based cross ambiguity processing techniques are preferred in terms of processing time in
LTE passive radar performance.

Based on these discussions, it is possible to conclude that LTE passive radar is
a practical, cost-effective, and simple-to-implement technology. More research is needed
to fully utilize the resource block and other technical aspects when it is upgraded to
5 G-based passive RADAR.

Many potential applications for LTE passive Radars, such as automation industry, smart
city surveillance, self driving, autonomous cars UAVs/UGVs/Drones, and smart parking,
have yet to be investigated. Furthermore, 5 G-NR research and implementation are
progressing, and it is likely that 4 G-LTE passive radar will be replaced or inherited by
5 G-NR-based passive radar. Because 5 G is an improved version of 4 G, passive radar
technology transfer will be simple to implement for various usage scenarios.
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