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ABSTRACT The sequential sampling impulse radar is a radar concept that has been known for a very long
time. Ultrawideband (UWB) radar systems have been realized based on this concept long before the popular
phrases UWB and UWB radar were created. Its hardware simplicity, low cost, potentially high bandwidth
and high range resolution, as well as the unsurpassed low power consumption of some of its variants have
made it one of the most widely used radar concepts in industrial automation today. Despite its widespread
use in practice, however, there are only few publications, textbooks and tutorials that describe this concept
in detail and all its varieties and aspects. Especially, the correlation properties and the resulting signal-to-
noise ratio (SNR), as well as the phase injection locking of pulsed oscillators, that is required for power-
efficient options, have rarely been described in detail. This tutorial introduces the typical sequential sampling
impulse radar concept step by step and presents the characteristics and pros and cons. As for the correlation
properties and the SNR, the concepts are compared to those of standard coherent impulse radar systems
and of frequency modulated continuous wave (FMCW) radar. In addition to the system theory, selected
applications are presented to illustrate the attractiveness and elegance, but also the limits, of this interesting
and important radar concept. The shown applications range from those in the main field of use of this type
of radar, that is, industrial automation, to former and current radar concepts in the areas of automotive radar,
ground penetrating radar (GPR), security scanners, and biomedical radar systems.

INDEX TERMS Automotive radar, correlation receiver, ground penetrating radar, impulse radar, MTT 70th
Anniversary Special Issue, level radar, security scanner, sequential sampling, switched oscillator, system
theory.

I. INTRODUCTION

Since the invention of radar technology in the early 1900s,
many types of radar systems have been developed. One of the
most common ways of classifying these different systems is
to divide them into time domain and frequency domain radar
systems. Time domain radar systems typically use a short
impulse as measurement signal and are called impulse radar.
Frequency domain radar systems use frequency modulated
signals, such as frequency shift keying (FSK), frequency mod-
ulated continuous wave (FMCW) or orthogonal frequency

division multiplexing (OFDM) signals. In a frequency domain
radar, a transform from frequency domain to time domain,
such as by a Fourier transform, is needed to obtain the impulse
response and the time delay of the echoes of the respective
targets.

Both radar variants have advantages and disadvantages.
In commercial applications, such as automotive radar, fre-
quency domain radars such as continuous wave (CW) radar
systems dominate today because they provide a better signal-
to-noise ratio (SNR), a higher dynamic range, and very
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advantageous options for velocity measurements. The digital
baseband system and signal processing are much simpler and
less expensive for a CW radar than for powerful modern
impulse radar systems with impulse-compressing correlation
receivers. However, in applications with large target distances,
the phase noise limits the applicability of CW radar sys-
tems [1], [2]. Thus, the impulse radar concept is the standard
option in military, aerial, or sea surveillance, as well as remote
sensing radar systems.

However, an impulse radar can also offer decisive advan-
tages in commercial short- and medium-range applications.
Some of their variants can be realized with very low-cost
and compact hardware. Other impulse radar implementations
can be designed to consume significantly less power than
CW radar systems. Both properties are interesting for appli-
cations in industry, in building technology, or for handheld
or mobile radar systems, or whenever low weight and low
cost are important. This paper focuses on these commercial
short- and medium-range impulse radar applications. It will
show that both of the previously mentioned potential advan-
tageous properties of impulse radar systems are significantly
based on the principle of sequential sampling. Despite the
long-time use of the sequential sampling radar principle, only
few publications, textbooks, and tutorials describe it in detail
and in all its varieties and aspects. Thus, this tutorial explains
in detail the sequential sampling impulse radar concept and its
characteristics.

This paper is structured as follows. Section II gives a brief
overview of the functionality of a standard coherent impulse
Doppler radar system. The illustrations in this section define
important terms and explain the central challenges and bench-
marks in impulse radar systems. Section II briefly introduces
the basic principle of sequential sampling. Section III gives
insights into different realization options and the signal model
behind sequential sampling impulse radar systems. Section [V
describes the principle and the underlying theory of impulse
radar systems with switched oscillators. Section V shows
several selected application examples. Finally, Section VI
compares different radar principles to conclude this paper.

Notation: Underscore denotes a complex number; * the
conjugate of a complex number; | - | the absolute value of a
complex number; * the convolution operator; F{-} the Fourier
transform operator; and env{-} the envelope operator.

Il. FUNDAMENTALS

This tutorial begins with the introduction of the standard
coherent impulse Doppler radar and its system theory. This
will serve as a reference and benchmark for the sequential
sampling impulse radar concepts that will be presented later.
In addition, a brief explanation of the sequential sampling
principle is given.

A. STANDARD COHERENT IMPULSE DOPPLER RADAR

A traditional impulse radar is capable only of directly mea-
suring the distance to one or multiple targets. Hence, the
target velocity v has to be estimated from the range difference

524

Target

Il

frr

STX

Orprns

|
LO 1
>
o
90° Smix,I S?P,I
SLO,I LP ™ 2 D|
Processing
5LP.Q Unit
Smix,Q /

FIGURE 1. Block diagram of a coherent impulse Doppler radar, with local
oscillator (LO), pulse-forming unit (PFU), power amplifier (PA), low noise
amplifier (LNA), lowpass (LP) filter, and analog-to-digital (A/D) converter.

between multiple measurements. This drawback can be over-
come by utilizing a coherent impulse Doppler radar as shown
in Fig. 1 and as explained in the following [3]. The transmit
(TX) signal of the radar system stx, with the amplitude ATy,
the carrier frequency wc, and the transmit phase ¢Tx, can be
described as

stx (1) = Arx - 8(1) - cos (wct + ¢1x) - (D

Here, g(¢) denotes the shape of the output pulse that is gen-
erated by a pulse former unit (PFU) in the TX path. In the
illustration of this paper, g(¢) is assumed to be Gaussian. The
PFU typically consists of a switch that is closed for a short
time, an amplifier that is switched on during the pulse period,
or a mixer, which upconverts a baseband impulse with a local
oscillator (LO). Other impulse generators are also usable as
long as phase coherence between transmitter and receiver can
be guaranteed. The transmit signal may be amplified by a
power amplifier (PA), emitted by the antenna, and reflected by
a target at a distance d moving with a velocity v. Hence, the
received (RX) signal srx can be described as a time-delayed
version of sTx according to

srx(t) = Arx - g(t — 1)
~cos(we(t — 1) —wp(t —7/2) +¢rx), (2

with the two-way travel time 7, the Doppler frequency wp and
the receive amplitude Arx. The latter combines the effects
of amplification, reflection strength, and propagation losses
along the signal path. The receive phase grx is typically a
combination of ¢rx and the potential phase shift due to the
reflection at the target. As the impulse duration 7, is ex-
tremely short compared to a period of the Doppler frequency,
wp(t — 7/2) is regarded as constant during a single impulse.
This is at least valid for ultra-broadband and medium-range
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impulse radar systems. Hence, this additional phase contribu-
tion can be added to grx to form gpy. The received signal is
downconverted by the LO signal

sLo(t) = Arp - eI T0L0), (3)

with the amplitude Ay o and the constant phase term ¢y o. With
the in-phase and quadrature (IQ) mixer, we obtain the signal
after the lowpass filter as

spp(t) = stp1(t) + jsip,(t)
= LP {s15(1) - srx(1)}

LP {ARX “ALo - e d(@cl+¢L0) gt —1)

(e]'(wc(l*'f)+¢1/{x) + ej(*wc(lff)*(ﬂﬁx)) }

N =

=Apnix - gt — 1) - %ej(fwctJrA(p/), “4)

with A’ = gy — ¢ro and Apmix = 292X Through low-
pass filtering, the signal components at 2w, are removed. Note
that the IQ mixer is mandatory, as the real part of sy p(f) equals
zero for certain combinations of w.t and A¢’. Hence, the
signal amplitude of a stationary target at the corresponding
distance would also be zero, which would make the target
invisible to the radar system [4, S.17.2].

For further processing, s; p must be sampled according to
the Nyquist-Shannon sampling theorem with the sampling
frequency

2
fs Z 20 = o &)
P

with A f, as the bandwidth of the baseband impulse and T, as
the impulse duration [5]. The range resolution
c

SR =
R72Af,

(6)

can be described as the ability to separate two targets closely
spaced in distance and as dependent on the signal bandwidth.
This is because two targets can be separated only if the re-
spective travel time difference At is larger than t,, which is
inversely proportional to the bandwidth, as already indicated
in (5). For a resolution of, for example 1 m, an impulse with
a bandwidth of at least 150 MHz is necessary and thus, a
baseband sampling rate of more than 300 MHz is required.
The requirements for the baseband system are even higher
for ultrawideband (UWB) systems or short-range radar sys-
tems with resolutions below 10 cm as sampling rates of over
3 GHz are necessary. In both cases, analog-to-digital convert-
ers (ADCs) with a high sampling frequency must be used, but
they have high cost, high power consumption, and a limited
dynamic range.

Even if the transmit impulse duration is in the lower ns
range, the LO and the ADC must still be operated until the
reflection from the most distant target, and hence, from the
maximum measurement range of the radar, could be received.
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Thus, the power consumption of a coherent impulse Doppler
radar is typically not lower than of a CW radar. Furthermore,
the short impulse duration used in an impulse Doppler radar
inherently yields a poor SNR as can be calculated by

snR = Arx / " e ar, )
N2 Jizo

with the noise power N. This can also be explained by the

comparably small average transmitted power Py, of such a

radar system, which is described by

Py = Ppeak “Tp - JSPR. €]

Due to technical challenges and legal regulations, the peak
output power Ppeqi is limited [4, S.1.3]. Moreover, increasing
the pulse repetition frequency (PRF) fpr leads to a decreasing
maximum unambiguous range according to

c
2 for
As a consequence, an application-specific compromise must
be found between range resolution, unambiguous range, and
achievable SNR.

By integrating multiple pulses, it is possible to increase
the SNR depending on the dwell time in which the target
resides in the main antenna beam. Without averaging, the use
of pulse compression techniques can help overcome the lim-
itations posed by the compromise between a high resolution
and a high range or SNR. To achieve this, longer signals with
good self-correlation properties e.g. chirps, Barker-codes, or
M-sequences are transmitted. A correlation receiver is used to
compress these signals to a short impulse. The maximum SNR
is achieved with a matched filter with the impulse response

(10)

€))

dmax =

hRX,opt(t) =Y g*(_t),

which is the time-inverse complex conjugate of the transmit
signal s(#) multiplied by an arbitrary constant y. Hereby,
the transmitted average power is drastically enlarged, while
a high range resolution is still maintained. The maximum
SNR enhancement k using correlation can be derived from
the time-bandwidth-product as

k=Afp - 1p. (11)

If an impulse radar system utilizes pulse compression, such
as with a 150 MHz bandwidth spread over a 10 us impulse,
the respective SNR can be enlarged by a factor of up to
1,500 or 31.8 dB. The filters used for such a compression are
typically realized in software, but there are also possibilities
in hardware, such as surface acoustic wave (SAW) filters. A
drawback of lengthening the transmit signal is the possible
saturation of the receiver during the transmission. Thus, a
pulse compression radar can also suffer from the inability to
detect targets close to the antennas [4, S.19.17].

However, impulse radar systems are increasingly being
replaced by continuous wave radar systems, especially for
high-performance short- and medium-range systems with
high range resolution. With those high demands, the complex-
ity of the ADC and the digital baseband processing is very
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FIGURE 2. Principle of sequential sampling in contrast to real-time
sampling. (a) Transmitted radar signal, (b) received radar echo,
(c) real-time sampling, (d) sequential sampling.

high for the coherent impulse Doppler radar. Furthermore, the
permanent usage of the LO for coherency further decreases
the efficiency, which makes these systems comparably expen-
sive to build and to operate. As will be explained later in
this paper, sequential sampling radar variants can solve these
drawbacks in an elegant way.

B. SEQUENTIAL SAMPLING PRINCIPLE

The sequential sampling technique was first introduced by
Janssen in the early 1950s [7], [8] and was developed for
commercial use by Hewlett-Packard in 1960 with the HP185A
sampling oscilloscope [9]. While real-time sampling contin-
uously observes the signal waveform, sequential sampling
acquires only one sample per signal period. This is ac-
complished by shifting the sampling point by a small time
increment from period to period, as shown in Fig. 2.

This sampling principle can be applied to radar systems
when the observed scene can be regarded as static or quasi-
static during the acquisition and thus, generates a periodic
radar echo signal, as shown in Fig. 2(b). Accordingly, the
ADC sampling frequency can be reduced compared to a
standard impulse radar and is typically in the order of sev-
eral hundreds of kHz [10], which can be accomplished with
low-cost ADCs. As a consequence of the reduced sampling
frequency, it is possible to reduce the overall system power
consumption and the component costs, which makes sequen-
tial sampling a perfect choice for applications with limited
production expenses [10], low battery capacity or increasing
numbers of included sensors.

1ll. SEQUENTIAL SAMPLING IMPULSE RADAR

Section III-A presents the signal model of the sequential
sampling impulse radar. Section III-B gives insights into the
implementation options for several key components of the
system. Relevant system properties are outlined in Section I1I-
C, and Section III-D introduces a common method of SNR
improvement.
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FIGURE 3. Radar system block diagram with an adjustable delay element
to generate a delayed local oscillator (LO) signal. With pulse-forming unit
(PFU), power amplifier (PA), low noise amplifier (LNA), lowpass (LP) filter
and amplifier (G).
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FIGURE 4. Radar system block diagram with multirate approach to
generate a delayed local oscillator (LO) signal. With pulse forming unit
(PFU), power amplifier (PA), low noise amplifier (LNA), low pass (LP) filter
and amplifier (G).

A. SIGNAL MODEL

In this section, a general signal model of a sequential sampling
pulse radar is derived, based on its simplified block diagram
shown in Figs. 3 and 4. Those figures differ in the imple-
mentation of the sequential sampling procedure itself, which
is discussed in Section III-B. Additionally, the relevant sig-
nals of the observed sequential sampling system are outlined
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FIGURE 5. Envelope of sample signals in the process chain of a sequential
sampling radar: (a) received signal for = = 0, (b) received signal for z > 0,
(c) LO-signal, (d) mixer output signal (black) and final output signal (blue)
for 7 = 0, and (e) mixer output signal (black) and final output signal (blue)
forz > 0.

schematically in Fig. 5 to illustrate the functionalities of the
different system components. The variables used in Section 11
will not be introduced again.

The transmitted signal stx(¢) consists of a series of pulses
with a PRF fpr given by

1
Jer1 = Tont (12)
This sequence of pulses can be described as
oo
prx(t) = g(t) x Mg () = Y gt — puTory),  (13)
H=—00

incorporating Iz, (t) as a pulse train with a pulse-to-pulse
interval of Tpr;. The resulting signal stx(¢) given by

stx(t) = Atx - prx(t) - cos (wct + @Tx) (14)
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is amplified using a PA and transmitted by the antenna. When
the transmitted signal is reflected by a target at a distance d,
the antenna detects the echo signal

srx (1) = Arx - prx(?) - cos (we(t — T) + ¢rX) , (15)

which is visualized in Fig. 5(b). The pulse train of the received
echo signal is given by

Prx(1) = g(t — 1) gy, (1) = prx(t — 7). 16)

Thereafter, the received and amplified echo signal srx(¢) is
demodulated using an IQ mixer. This mixing operation corre-
sponds to the multiplication of sgx(¢) with the complex LO
signal s; (¢), which yields

Smix (1) = SRX(#) - $10(1). (17)

In contrast to the standard impulse Doppler radar described
in Section II, the LO-signal s; o (#) used for the sequential
sampling is a pulsed signal. Therefore, it can be described by

S o) = sLo,1(t) +jsLo,Q(t)

=ALo - pro(t) - e 1 HL0), (18)
with the pulse train ppo(¢) according to
o0
pLo(t) = g(t) * Mgy, (1) = Z gt — vTpra)
V=—00
o
= Z g(r = (vTer1 + Atg)) . (19)
V=—00

Note that in an ideal implementation ¢Tx, would be equal to
¢Lo0- However, in a real setup, the phase terms of the TX and
LO paths are different but usually constant because of, for
example, unequal transmission line lengths.

The pulse train pyo(z) has a slightly different pulse-to-
pulse interval Tpry > Tpr; to generate a small time increment
ATpr from period to period, as shown in Fig. 2. In relation
to the global time 7, the time increment can be written as

Ate = £(v) - ATpr and can usually be simplified to
Aty = v - ATpr. (20)

This time increment corresponds to a slightly reduced PRF
Jfpra2, given by

1 1
frRR=7—=fRI —AfPR=77—- (21
Tpr2 Tpr1 + ATpr
From this, we obtain the time increment ATpR as
A fpr A fer
ATpr = Tpry — Tpr1 = A (22)

feriferR2 SRy

Accordingly, the PRF difference A fpr between the LO and
the received echo signal is written as

ATor _ ATpr
TeriTory Ty,

Afpr = fer1 — frr2 = (23)
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Proceeding from (17), the complex mixer output signal s,;, (¢)
is lowpass-filtered to remove the undesired frequency compo-
nents generated in the mixing process. Moreover, to a good
approximation, this low pass filter with the cut-off frequency
Jeut,Lp also functions as an integrator for f > feurLp [11].
Therefore, we obtain

T
e

1
spp(t) = LP{sy (0} = — /
—

tHdtr
Tip

fip Smix (24)
2

after applying the low pass filter. Fig. 5(d) sketches the enve-

lope of s,,;,(¢) and s,,,(¢) for the hypothetical case of T = 0,

showing that s, (7) is a stretched version of stx(f) with a new

pulse-to-pulse interval T,ix according to

Thix = SF - Tpgry. (25)

Therein, SF is the so-called spreading factor or scaling factor,
which is also described by

Ti
_feri _ Ter2 26)

CAf,r AR

Accordingly, the integration time 71 p has to be designed such
that the low pass filter passes each stretched pulse completely
and without distortion. This is accomplished by defining the
Tip according to [12] as

SF

SF
TLP = ZTPSF =2—.
Afp

27)

As 1, is defined as the 3 dB pulse width, an additional factor 2
arises in (27) to cover the complete pulse. As a consequence of
stretching in time, the cut-off frequency fey,Lp of the low pass
filter can be approximated as the compressed pulse bandwidth
according to
Af

f cut,LP ~ S_Fp
As a last step, the lowpass-filtered signal s; p(¢) is amplified,
yielding

(28)

Sout(t) = G - s p(1). (29)

Fig. 5(e) sketches the signals s,;, (t) and s, (¢) for a target
located at distance d > 0. Therein, the peak in s, () is shifted
by tSF and can be used to estimate the distance of the target.
Due to the stretching effect in the time domain, the output

signal shows an effective sampling rate of

fer1/PR2 1
= SF . = = .
Ss.etf frr2 A for ATom

Accordingly, the actual sampling rate can be reduced by ex-
actly the spreading factor SF, while the Nyquist-Shannon
sampling theorem from (5) must still be satisfied. For ex-
ample, with a PRF of fpro = 1 MHz and a spreading fac-
tor of SF = 10,000, the effective sampling rate would be
Js.ett = 10 GHz, which means that signals with a maximum
of 5 GHz can be sampled while complying with the Nyquist—
Shannon criteria.

(30)
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FIGURE 6. Implementation of a sequential sampling radar with
sample-and-hold (S&H) circuit and multirate approach. With local
oscillator (LO), pulse forming unit (PFU), power amplifier (PA), low noise
amplifier (LNA) and low pass (LP) filter.

B. IMPLEMENTATION OPTIONS

In this section, we examine different implementation options
for the generation of the time shift Azg and for the processing
of the mixer output signal s, ; (¢).

1) SHIFT GENERATION

To sequentially sample the received radar echo, the generation
of the time shift Afg between the transmitted signal sTx (f) and
the LO-signal s; (7) is an essential system component. Two
basic implementation options will be explained next.

One option for realizing the delay Af; is to include an ad-
justable delay element in the LO-path, as shown in Fig. 3 [13].
As shown in (20), the delay increases with the increasing
number of transmitted pulses. This can be realized with a
suitable saw-tooth signal, as suggested in [14].

Another option is the widely used multirate approach [15],
[16], [17]. Therein, two different PRFs are used to generate
the time shift Afg, usually with a smaller fpr» in the LO-path.
The corresponding block diagram is shown in Fig. 4.

2) MIXER OUTPUT PROCESSING

One option for processing the mixer output signal s,.;, () has
been described in the signal model in the previous section and
is illustrated, for example in Fig. 4. This option includes a
narrow-band low pass filter, causing the signal energy of the
narrow pulses to be spread in time according to (27). As a
result, the amplitude of the low pass filter output signal s; p(t)
is reduced significantly. Therefore, an amplifier with high gain
is needed to enable further processing, as it is described in the
signal model. Sample signals for the amplified output signal
Sou(f) can be seen in blue in Fig. 5(d) and 5(e). However,

VOLUME 3, NO. 1, JANUARY 2023



IEEE Journal of

@ Microwaves

the amplifier also introduces more noise into the signal chain,
which reduces the overall performance of this implementation
option.

Another processing option is to use a fast sample-and-hold
(S&H) element [4, S.19.20] which is illustrated in Fig. 6.
Therein, the used low pass filter can be designed in such a way
that it only suppresses the unwanted frequency component
at 2w., which results from the mixing process. Therefore,
the signal energy is not spread by the low pass filter and
thus, a high gain amplifier is not necessary compared to the
implementation method described before. However, the im-
plementation option with an S&H element is not widely used,
as suitable S&H elements with good properties are expensive,
and in most cases, building them is not reasonable.

C. SYSTEM PROPERTIES

This section covers the following relevant system properties:
correlation characteristics, noise bandwidth, and SNR.

1) CORRELATION CHARACTERISTICS
When looking only at a single pulse, for example, with
w = v = 0 and arbitrary &, we can calculate the output signal

Sout(?) as

G + LP
t) = - t"ydt’
_out( ) = TLP / TLTP srx (1) §LO( )

Tip

+7

@ G'A' T4 et +Ag) /t :
'

fir e

gt —)g (' — Atg) dr’

(b) G'A
Iip

G’ A’
- Tip

o0
— = “’“”A‘/’)/ g(tg(t' + Aty — ) d7’
—0o0

/\
O
~

—— Tt A (Al — 1), (31)
where Agp = ¢rx — @10, G' = GGna and A’ = %. In
step (a), the frequency component around 2w, resulting from
the mixing process was eliminated, as this component is re-
moved by the low pass filter. Furthermore, in step (b) we
substitute v’ according to " =1 — Arz and change the in-
tegration limits accordingly. The latter is possible because
7, < TLp = 27, SF is valid for applications with high values
of SF. Finally, in step (c), the integral is replaced by the
definition of the autocorrelation function (AKF) W, of the
shifted basic pulse g(t’). Therefore, the low pass filter fol-
lowing a mixer is often labeled as an analog correlator [18].
The calculation in (31) shows, that the sequential sampling
technique inherently provides a correlation receiver.

2) NOISE BANDWIDTH
When transforming the LO time signal sy (f) into the fre-
quency domain, we obtain

§Lo(f) = }—{QLO(I)}
= Ao - foro FIgO M o, (f) % &908(f — fo), (32)
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FIGURE 7. (a) Power density spectrum of the LO signal, (b) approximated
power density spectrum of the LO signal, and (c) noise power density
spectrum of the received signal.

which is sketched in Fig. 7(a). Because of a periodically
repeating signal in time, the spectrum §; (f) is a line spec-
trum with a line spacing of fpro, centered at the frequency
Jc. To simplify the description, we approximate Sy (f) by
neglecting the amplitude weights of the spectral lines and by
reducing the spectrum width to Af,. The resulting approx-
imation S1.0,approx ( f) is shown in Fig. 7(b). The number of
relevant spectral lines can be obtained as follows:

Ay

N, = 2I®
fer2

(33)
The multiplication of two signals in the mixing process
is equivalent to a convolution of the corresponding fre-
quency spectra. Therefore, each of the N, spectral lines in
S1.0,approx () converts a part of the power density spectrum
Nrx(f) of the received noise signal into the pass band of the
low pass filter that follows the mixer. This noise spectrum
Nrx(f) is inherently bandpass-filtered by the antenna and the
LNA with a bandwidth of Af,, around the carrier frequency
fe. As a consequence of the mixing process, we obtain the
equivalent noise bandwidth A f; ¢ at the output of the low
pass filter of the sequential sampling system as

Al Afp
fpr2 SF
with the low pass filter bandwidth A f; p. However, when is

noise added to the signal after the mixing process, we obtain
a noise bandwidth of

Afnss = NeAfip = ~ Afy AT, (34)

Afp

= (35)

Afn,ss =
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Therefore, we can describe the noise bandwidth of the sequen-
tial sampling radar by introducing a lower and upper limit
according to

Afy

S_Fp < Afn,ss =< AfpzATPR~
In contrast to the noise bandwidth A fy , of an impulse radar
system described by

(36)

1
Afn,p = Afp ~ ‘L'_’ (37)

p
the noise bandwidth A f; s of the sequential sampling radar
system is reduced. Accordingly, we obtain a minimum reduc-
tion factor of (A prTpR)_1 and a maximum of SF. Assuming
a pulse width of 7, = 1ns, a spreading factor of SF = 10,000,
and a PRF of fpry = 1 MHz, the noise bandwidth would be in
the range of

100kHz < A fy 55 < 100 MHz. (38)
3) SNR CONSIDERATIONS

With the equivalent noise bandwidth A f;, ¢ of the sequential
sampling radar system, the SNR can be improved in compar-
ison to the impulse radar. As a result of (36), we obtain the
SNRg; of the sequential sampling system as

A
SNRys = SNR,, + 10log ( J/ “*p) , (39)

Af n,ss
with SNR;, being the SNR of the standard impulse radar
system. For the sample calculation in (38), the SNR can be
improved by a minimum of 10 dB and a maximum of 40 dB.

D. SNR IMPROVEMENT WITH PSEUDO RANDOM NOISE
SEQUENCES

To enable the detection of a distant target, a sufficiently high
SNR of the radar transmit signal is necessary, as discussed
in Section II-A. Consequently, a sequential sampling impulse
radar suffers under the same drawback. On the contrary, the
ability to utilize pulse compression for SNR improvement is
inherently given in a sequential sampling impulse radar, as
the received signal is sampled with delayed TX impulses.
Together with the subsequent lowpass-filtering, this can be
interpreted as a correlation. Thus, a matched filter with an
optimal SNR is already implemented in the hardware. A
further improvement can be realized by varying the TX im-
pulses according to their amplitude and/or their phase. By
combining multiple fully sampled pulses of such kind, it is
possible to increase the SNR of the complete pulse train by
a subsequent correlation. A widely used and simple method
of doing this is phase modulation using pseudo random noise
(PRN) sequences, which show characteristics similiar to those
of random sequences [4, S.10.6 ff]. PRN sequences are often
realized using M-sequences, which are random sequences of
zeros and ones. Those binary values correspond to a phase
change of the transmitted signal pulse of zero and 180°,
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FIGURE 8. Block diagram of the sequential sampling primary radar with
switched oscillators. With local oscillator in the receive path (LO) and
transmit path (TX), power amplifier (PA), low noise amplifier (LNA), low
pass (LP) filter and amplifier (G).

respectively. When incorporating an M-sequence with Ny, bi-
nary elements, the SNR can be further improved as follows:

ASNR = 1010g,o(Nm). (40)

However, the measurement time increases drastically.

IV. IMPULSE RADAR WITH SWITCHED OSCILLATORS

This section covers a sequential sampling radar variant that
is much more power-efficient and ideally suited for ultra-low-
power radar systems. Section IV-A briefly introduces pulse
injection locking, followed by a signal model in Chapter I'V-B.
Section IV-C summarizes the properties of this type of radar.

A. THEORY OF PULSE INJECTION LOCKING

As explained in the previous section, sequential sampling
drastically decreases the necessary ADC sampling rate, com-
pared to a standard impulse radar. However, it is very un-
satisfactory that the LO has to run the whole time, although
the carrier is used only for a few nanoseconds. Subsequently,
we will take a look at a sequential sampling radar vari-
ant that is much more power-efficient and ideally suited for
ultra-low-power radar systems. Instead of using one common
fixed-frequency LO, from which coherent transmit and LO
pulses are generated, two separate switched oscillators are
utilized, as shown in Fig. 8. At first glance, one would suspect
that this radar does not work, as there is actually no coherence
between the phases of the transmit and receive oscillators.
The averaged amplitude of the mixed signal should probably
be zero, as the phase difference between the LO and TX
pulses varies randomly from measurement to measurement.
However, this is not the case. Contrary to what one would
expect, a switched pulse oscillator usually does not start with
arandom phase. This behavior, called pulse injection locking,
is due to the fact that the short switching pulses or non-linear
processes in the oscillator itself lead to harmonics that cou-
ple into the feedback loop of the oscillator and thus, define
the starting condition of the oscillation startup process [19],
[20], [21], [22], [23], [24]. Since the starting condition is
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identical for every switch-on cycle, a switched pulse oscil-
lator will always start oscillating at almost the same phase.
This property is not necessarily always seen in every impulse
oscillator. However, with very short switching times, as they
are common in impulse radar systems, this property is usually
inherent in most of the common semiconductor-based RF im-
pulse oscillator designs [23]. Nevertheless, a careful oscillator
design that promotes this injection locking property can be
useful for minimizing the pulse-to-pulse phase jitter. There are
many publications on the design of impulse oscillators that are
used in switched oscillator radar systems, for example, for the
utilization in short-range automotive radar systems of around
24 GHz [25], [26]. Besides automotive radar, pulse oscillators
in the same frequency range are also used in UWB systems
for communication and ranging [23], [27], [28]. Even higher
frequencies are realized by [29], [30], with a pulse oscillator
working in the automotive long-range radar band at 79 GHz.

B. SIGNAL MODEL

In this section, the signal model of the sequential sampling
radar that was introduced in Section III-A is extended using
two switched oscillators. A modified block diagram of the
sequential sampling radar system is shown in Fig. 8. A single
oscillation ptx(t) of the oscillator in the transmitting path can
be described as follows:

prx(t) = grx(t) - cos(wct + ¢1x), (41)

where, . is the oscillation frequency, and ¢Tx denotes the
constant initial startup phase of the switched oscillator. Multi-
plied by the pulse train IIl7,,, (#) that was introduced in (13),
the resulting signal sTx(¢) is given by

stx(t) = Atx - prx(t) * Mgy, (1)

oo
=Arx Y prx(t — uTpr). (42)

p=—00

The same applies to the LO signal s; o(#) according to Fig. 8,
yielding

sLo(t) = Aro - pro(t) * Uz, ()

oo
=ALo Y pLo(t —vTigy),

V=—00

(43)

where py o(t) denotes a single oscillation of the LO oscillator,
described by

pLo(t) = gLo(t) - cos(w,t + ¢ro), (44)

where )/, is the oscillation frequency and ¢p o is the initial
startup phase. Due to manufacutring imperfections, the pulse
shape g1o(?), the carrier frequency o, and the phase offset
@10 can slightly differ from those of the oscillator in the TX
path.

Subsequently, stx(¢) is amplified and emitted by the an-
tenna. The echo signal srx(#) can be described as follows:
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srx(f) = Arx + prx (1) * Hlgpp, (1)

o0
= ARX Z Prx(t — puTpr1),

(45)
H=—00
where prx(¢) denotes a single receive pulse, written as
Prx (1) = grx(t — 7) - cos(we(r — 7) + ¢rx). (46)
The mixer signal can be calculated as follows:
Smix (1) = srx(?) - sL.0(7)
oo oo
= Amix Z Z grx (t =7 — puTpr1)
H=—00 V=—00
-gLo(t — vIpr2)
- cos (we (VIpr2 — wIpri — 7) + Ag
+Awc (1 —vTpr2)) | + 5Qawct), 47
; ; ; _ GinaArxALo
with the signal amplitude Ay = =-FA52=L2, the phase

difference Ap = ¢rx — ¢L0, and the carrier frequency dif-
ference Aw. = w, — w|.. The signal components at the double
carrier frequency are summarized in the signal sQwt). (47)
shows that the multiplication of two oscillator signals with a
constant start-up phase and an additional increasing time shift
generated by the sequential sampling results in an interme-
diate frequency in the mixer output signal. Therefore, only a
regular mixer is necessary for demodulation of the amplified
echo signal srx(t), which reduces the component complexity.
The oscillators are only switched on for a very short time (e.g.
I ns), and since the frequency difference Aw. is small (e.g.
10 MHz), the phase term Aw.(¢ — vTpRy) is almost constant
during the duration of one impulse. Thus, this term has no
notable effect on the resulting signal in a properly designed
system. Finally, the mixer output spix(f) is lowpass-filtered
and amplified, yielding

Sout(t) = G - LP{smix (1)}, (48)

where the signal component s(2wt) is eliminated. The target
distance can now be determined by finding the peak in the
output signal magnitude, analogous to the radar principle in
Section III or the blue sample signal shown in Fig. 5(e).

C. PROPERTIES

With the technique of sequential sampling, the sampling rate
and thus, the ADC hardware complexity can be drastically
reduced compared to the standard coherent impulse radar.
Nevertheless, the LO is still running permanently, even dur-
ing the unused pulse pause. The power consumption can be
further reduced, if the oscillators are only switched on for a
very short time. A typical pulse width ranges from 100 ps to
I ns with a PRF in the range of a few kHz to tens of MHz.
Another advantage is the fact that no 1Q mixer is required to
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Parameter | Value
Frequency 26 GHz
Pulse Width | 2ns
Bandwidth 3 GHz
Range < 70m
Accuracy + 2mm
PPeak 23.3mW
Piy 0.076 mW

FIGURE 9. Micropilot FMR51 level gauging radar with a horn antenna from
Endress+Hauser AG and its characteristics [31], [32].
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Side-Coupled Bandpass-Filter

FIGURE 10. RF board of the 26 GHz level radar from Endress+Hauser AG.

demodulate the received signal, which greatly simplifies the
hardware complexity and the evaluation of the received signal.

V. APPLICATION EXAMPLES

Sequential sampling radar systems are widely used in differ-
ent application areas, as the reduced sampling rate simplifies
the system design and therefore, reduces the system costs. In
the next section, five selected applications are described.

A. LEVEL RADAR
The most widespread industrial application of sequential
sampling impulse radars is currently in the field of industrial
level measurement. Whereas other systems such as ultrasound
or optical systems reach their limits due to extreme tempera-
ture and pressure conditions, radar systems stand out because
of their great reliability and usability, even when hazardous
substances are used. Today, the market offers ready-to-use,
integrated impulse radar systems for contactless level mea-
surements of liquids, pastes, sludge, or bulk goods [33], [34].
Endress+Hauser AG, which specializes in measuring de-
vices and solutions for industrial process technology, offers
different variants of impulse radar systems to measure the
level of liquids with high precision. The first radar systems
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FIGURE 11. Endress+Hauser SiGe BiCMOS pulse radar chip. (a) MMIC chip
layout with component labels, (b) bonded MMIC chip with 1.3 mm? chip
area, and (c) bonded MMIC chip in an open QFN-16 package.

that they introduced to the market in 1993 operated at 6 GHz.
Since 2001 products at 26 GHz dominated, as the antenna
size was reduced drastically. One example is the free ra-
diating radar system Micropilot FMR51 shown in Fig. 9,
which is based on the sequential sampling principle [31] and
enables measurements of mm-precision. Micropilot FMR51
utilizes a horn antenna, operates at a frequency of 26 GHz
and reaches a precision of £2mm. Moreover, it can reli-
ably perform measurements at temperatures in the range of
—196°Cto + 450°C and within a pressure range from vac-
uum up to 160bar. The maximum range is 40 m for the
standard implementation, but it can be increased to 70 m for
the extended version. There are several options for communi-
cation, such as the Highway Addressable Remote Transducer
(HART) protocol using the traditional 4...20 mA interface or
via Bluetooth.

Figure 10 shows the RF-board design of the 26 GHz level
radar, using concentrated active and passive components. In
contrast to such radar, Fig. 11 shows the pulse radar chip
from Endress+Hauser introduced in 2017, which utilizes the
monolithic microwave integrated circuit (MMIC) technology
to allow mass production and to reduce the physical sys-
tem size. The integration of central RF components of the
radar systems into an MMIC chip enabled the introduction
of low-cost radar variants to the market, namely, Micropilot
FMR10 [35] and Micropilot FMR20 [36].
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FIGURE 12. Block diagram of the 24 GHz RF frontend of the Tyco M/A-Com
radar system [38].

Tx Antenna

Rx Antenna

FIGURE 13. Automotive 24 GHz short-range radar system introduced in
the Mercedes-Benz S-Class in 2005 [38].

Besides the many applications of sequential sampling level
gauging radars that have been established on the market for
quite a long time, many newly developed systems rely on
FMCW radar, such as the 80 GHz Endress+Hauser Micropilot
FMRG62B [37]. This trend is probably based on the recent ad-
vances and the subsequent availability of low-cost radar chips,
especially in the higher frequency bands of up to 80 GHz
or 120 GHz. It allows for very high bandwidths and hence,
extremely precise measurements. The significant advantage
of sequential sampling radars, that is, their low power con-
sumption, will remain. Hence, they must not be expected to be
completely replaced by FMCW radars, especially at present,
with rising energy costs and the focus of companies on reduc-
ing their carbon footprint to net-zero.

B. AUTOMOTIVE RADAR

The sequential sampling technique is realized in short-range
automotive applications, such as parking aids, blind-spot de-
tection, pre-crash detection, and brake assistants [13], [38].
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FIGURE 14. Typical transmit spectrum without antenna gain for the
automotive short-range radar in Fig. 13.

FIGURE 15. Prototype of the sequential sampling impulse radar developed
by the authors of this paper. The radar uses two Vivaldi antennas for
transmitting and receiving.

In 2005, the new Mercedes S-class sedan was equipped
with a combination of long-range radar systems and several
short-range UWB radar systems to enhance its overall sys-
tem performance [38]. The short-range radar systems were
developed by Tyco M/A-Com and incorporate the sequential
sampling principle [13] while operating at 24 GHz with a
maximum transmitted power of 17 dBm equivalent isotropic
radiated power (EIRP). The block diagram of the radar front
end is shown in Fig. 12, with the respective realization dis-
played in Fig. 13. The radar provides a field of view (FOV)
of +65° in azimuth direction and a detection range of up to
30 m. Due to short pulses with pulse widths of approximately
1 ns, the radar can achieve a good range resolution in the order
of 15cm. Fig. 14 shows the transmit spectrum of the radar
system. As is typical for UWB systems, the very low transmit
power spectral density is visible. From 2004 to 2014, around
1.3 million short range radar systems were produced by Tyco
M/A-Com.
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FIGURE 16. Block diagram of the developed radar using sequential sampling combined with PRN sequences. With local oscillator (LO), power amplifier
(PA), low noise amplifier (LNA), low pass (LP) filter, analog-to-digital (A/D) converter, amplifier (G), phase-locked loop (PLL), reference clock (Ref), and

transmitting (TX) and receiving (RX) antennas.

Furthermore, sequential sampling using switched oscil-
lators has also been used in the pulse oscillator designs
in [26], [39]. The goal was to contribute to building a high
performance and inexpensive radar system that could possibly
replace ultrasound sensors for parking distance control.

However, FMCW radar has replaced the sequential sam-
pling impulse radar in most automotive scenarios because
FMCW radar can measure both the range and speed with
a high resolution and a better SNR [40], [41]. Examples of
switched oscillator sequential sampling radars that are still
used for e.g. parking sensors in the automotive world are the
A111 and A121 radar chips of Acconeer, which can also be
used for level probing or Industry 4.0 applications [42], [43].
The sensors working in the 60 GHz band with very low power
consumption show the great potential of the technology even
in such higher frequency bands.

C. GROUND PENETRATING RADAR

Besides industrial level sensors and automotive radar appli-
cations, radar systems that utilize sequential sampling have
been successfully deployed in sounding potash mines to detect
stratigraphic features and cracks inside certain layers [44].
The radar system was operating at different frequencies of
100 MHz, 300 MHz, and 600 MHz to address the trade-off
between the range resolution and the penetration depth. For
higher frequencies, the signal attenuation is usually higher,
thus limiting the penetration depth, while for higher signal
bandwidths the range resolution is improved [45].

Sequential sampling impulse radar systems have also been
used to safely sound icebergs in an airborne configuration, to
predict, for example the iceberg drift and its total bulk [46].
The radar system was mounted on a helicopter, with the
receiver, transmitter, and antennas positioned 6 m below the
helicopter in a net. The radar was operating at a center fre-
quency of 80 MHz and used a pulse width of 20 ns.

Moreover, sequential sampling is exploited in radar sys-
tems to analyze and image glacial ice [47], for example,
by determining the ice thickness and stratification. In [47],
a lightweight and inexpensive radar system was built that
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consisted of a receiver and a laptop to directly display the
measurement results at the test site.

In [48], a sequential sampling impulse radar is integrated
into a forefield reconnaissance system (FRS). The FRS is
integrated in the top of a melting probe that is designed to
melt through thick ice shelves. Besides the radar, the FRS
is composed of a sonar system and permittivity sensors, that
enables the robust detection of obstacles in the ice. Moreover,
the FRS is used to detect the ice—water interface when the
melting probe eventually reaches a subglacial reservoir. As
the melting speed of the probe is in the order of mh™!, the
observed objects are quasi-static, making the sequential sam-
pling technique a reasonable approach.

The radar system of the FRS is currently being developed
by the authors of this article using the switched oscillator
approach. Fig. 15 shows the first prototype of the radar. Fig. 16
shows the respective block diagram. Both PRFs are derived
from a single multi-output phase-locked loop (PLL) chip.
Hence, the spreading factor and the PRFs themselves are ad-
justable to some extent. The PRFs are adjustable in the range
of 100 kHz to 1 MHz, which, according to (9), corresponds to
an unambigious range of 845 m to 84.5m in ice. The spread-
ing factor can be set in the range of SF = 1, 000.. .10, 000.
The TX path includes a balun transformer combined with an
RF switch for binary phase shift keying (BPSK). This allows
the generation of PRN sequences of 180 ° phase-shifted TX
impulses, such as M-sequences, to increase the SNR by up to
42 dB.

The prototype of the radar system uses Vivaldi antennas
from [49] for both transmitting and receiving and is shown
in Fig. 15. The radar system operates at 1.35 GHz, with a
bandwidth of 100 MHz. These result in a range resolution of
0.845 m, assuming a relative permittivity of ¢, = 3.15 for ice.
Moreover, the output power of the radar prototype is around
20dBm.

Fig. 17 shows the result of ice radar measurements on
the Langenferner glacier in Italy. The right part of the im-
age depicts a reference B-scan, which was recorded with a
commercial ground penetrating radar (GPR) that was working
at 200 MHz. This B-scan clearly shows the bedrock of the
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FIGURE 17. Radar measurement on the Langenferner glacier: A-scan at the position of the detected abnormality with the developed radar (left) and the

B-scan from a commercial reference system (right).

FIGURE 18. R&SQPS Walk2000 real time walk through security scanner
for the detection of items carried on the body [50].

glacier, which starts at around 5 m and steadily increases until
an ice thickness of approximately 50 m is reached. Further-
more, there is an anomaly at approximately 6 m, which might
be a crevasse. The left side in Fig. 17 shows an A-scan with
the radar shown in Fig. 15 at the position on the glacier where
the abnormality was detected in the B-scan. The A-scan can
confirm the detected abnormality at 6 m, and the bedrock-ice
boundary at approximately 30 m.

D. REAL-TIME WALK-THROUGH SECURITY SCANNER

Another novel application of sequential sampling radars is in
the field of security scanners. Fig. 18 shows the R&S QPS
Walk2000 [50], a non-divesting UWB imaging system that
provides three-dimensional information about items carried
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on the body in realtime, by persons being scanned, who sim-
ply walk through the system at a normal pace.

The scanner operates in the frequency range of
3.6GHzt0 10.6 GHz, and therefore, the signal can pass
through most clothes. This is why divesting is no longer
needed. Furthermore, the system consists of 224 TX
modules and 448 RX modules mounted on 28 frontend
boards, where only a single TX is active at a time. The
maximum mean power spectral density is lower than
—41.3dBm EIRP, according to Part 15 of the Federal
Communications Commission (FCC) regulations. The pulse
repetition frequency is 12 MHz. The clock is phase-shifted
through direct digital synthesis (DDS) in the receiver path
to enable the sequential sampling principle with a switched
oscillator approach, comparable to the schematic shown in
Fig. 8.

The left side of Fig. 19 shows a dummy wearing a jacket
with a gun hidden in the left pocket, and the right side
shows the corresponding microwave imaging reconstruction.
Especially in the left part of the reconstructed image, the
gun is clearly visible even through the jacket. Based on
the reconstructed images, the hidden items, which can be
metallic, ceramic, plastic, liquid, or organic, among others,
are automatically detected via artificial intelligence (AI) and
are displayed on the avatar as red circles on the screen for
the operator. Using the sequential sampling principle, the
R&SQPS Walk2000 heralds a new era in terms of real-time,
non-divesting security scanners.

E. HUMAN VITAL SIGN DETECTION

Besides the detection of potentially hazardous objects or
substances in the vicinity of human bodies, the high band-
width in the unlicensed 3.1 GHz to 10.6 GHz UWB frequency
band provides further opportunities for protecting the safety
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TABLE 1. Comparison of the Characteristics of Coherent Impulse Doppler Radar, FMCW Radar, Sequential Sampling Impulse Radar, and Sequential

Sampling Impulse Radar With Switched Oscillators

. . . Sequential sampling
C;))l(l)erelré tr lgg:lse FMCW radar Seqil:nltlllzi s:::;::mg impulse radar with
Pp P switched oscillators
Power consumption high moderate low very low
RF hardware complexity low moderate low very low
high (standard),
ADC and baseband very high (with
. e . moderate low very low
complexity digital impulse
compression)
poor (standard), very eood
SNR and ranging good (with impulse 8
. r (but poor at moderate moderate
precision compression and/ or
. long range)
averaging)
Maximum update rate high moderate low low
Velocity measurement/ vod ve vod vor oor
target tracking 8 e p p
long range short and short range short range
(medium range) medium ranges (medium range) (medium range)
Range
and . . automotive radar, industrial proximity
. . . military, aerial, or . . . . Lo o .
typical application areas sea siveillance: industrial level probing, special applications sensing and level probing,
L human gesture/ motion (e.g., ice radar) presence detection,
remote sensing . . S
sensing special applications

(a) (b)

FIGURE 19. R&SQPS Walk2000 real time walk through security scanner.
(a) photograph of the recording situation where a dummy is wearing a
jacket with a gun hidden in the left pocket, (b) reconstructed microwave
image.

and well-being of humans. Due to these radars’ inherently
achievable high range resolution and the already mentioned
penetration capabilities of UWB systems, they can monitor
vital signs of humans, such as breathing or heartbeat [51].
In [52], a UWB radar System-on-Chip (SoC) with an inte-
grated sequential sampling receiver was utilized. From the
range-Doppler plots, the motion of the human corpus caused
by breathing can be detected. A comparable result, meaning
the successful detection of the respiration of females, males,
and infants, could be demonstrated by [53] using a switched

536

oscillator approach. Even more impressive is the detection of
the human heartbeat, which, unlike breathing, can hardly be
seen by other sensor systems, such as cameras. Due to the pen-
etration capability of microwave signals below 10 GHz, they
could detect signatures from the heart inside a human chest.
Therefore, the pulse rate as well as the heart rate variability
was measured with low-cost sequential sampling UWB radar
sensors in [54] and [55]. This penetration capability can also
be exploited to detect humans and their vital signs behind a
wall [56] or to identify anomalies in the wall itself, as with
certain commercial wall scanners [57].

VI. COMPARISON

As described in the prior chapters, sequential sampling im-
pulse radar systems are widely used in numerous applications
because of certain advantages. In this chapter, these advan-
tages as well as major drawbacks, are compared with other
radar types and such comparison is summarized in Table 1.
A notable disadvantage of the sequential sampling principle
is its comparatively long measurement time and hence, low
update rate. In both categories, the standard impulse Doppler
radar as well as the FMCW radar outperform the sequential
sampling radar. Especially, the FMCW radar has supreme
velocity measurement and tracking capabilities, which are
why it is often used in highly dynamic applications such as
automotive or human motion sensing. Because of the inherent
processing gain in an FMCW radar, its SNR is superior to
that of coherent impulse Doppler radar systems and sequential
sampling radar systems. However, the sequential sampling
radar still outperforms the coherent impulse Doppler radar due
to the former’s correlation receiver. To be fair, a correlation
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receiver and averaging can also be utilized in a standard co-
herent impulse radar, and if the same update rate and the same
measurement and averaging times are assumed, the standard
impulse radar will always outperform its sequential sampling
counterparts due to the noise characteristics illustrated in Sec-
tion ITI-III-C of this paper. However, in a standard coherent
impulse radar a correlation receiver comes at the cost of in-
creased baseband complexity, which is already comparably
high because of the required very high sampling rates. At this
point, the main advantages of sequential sampling and espe-
cially those of the switched oscillator setup come into play.
Besides the low baseband complexity and low ADC sampling
rate, the frontend hardware can be quite simple compared
to that of a standard FMCW radar. Furthermore, the overall
power consumption of a sequential sampling impulse radar
is quite low due to the reduced hardware complexity. This is
only surpassed by the realization with switched oscillators, as
there is no need for a permanently enabled LO. Therefore,
the different types of sequential sampling radar systems are
often used in short- and partially in medium-range applica-
tions such as industrial level probing, which allow for low
transmit power and hence- efficient output amplifiers. On the
contrary, coherent impulse Doppler radar systems are used in
long-range applications such as aerial surveillance, where the
comparably high power consumption of hardware does not
play a major role compared to extremely high output powers
that reach up to several kKW or even MW.

VII. CONCLUSION

In this paper, the fundamental theory of the sequential sam-
pling radar principle was described in detail. Furthermore, the
sequential sampling radar was compared with other widely
used radar principles such as the standard pulse Doppler radar
and to the FMCW radar. The sequential sampling radar stands
out with its hardware simplicity while achieving a high rel-
ative bandwidth especially in the higher frequency domain,
low cost, very low power consumption, and high measurement
range. The variant with the least cost and the lowest power
consumption was achieved by incorporating switched oscil-
lators. Despite the drawbacks of sequential sampling radar,
such as their low update rate and velocity measurement and
target tracking results compared to other radar principles such
as FMCW radar, sequential sampling radar is still a valuable
choice for many present-day applications, such as level gaug-
ing radar, biomedical radar systems, subsurface inspection
and ground penetrating radar, and advanced UWB imaging
and personnel security screening systems where moderate up-
date rates are sufficient.
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