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ABSTRACT For multistatic radar networks in the upper mm-wave range with a large spacing between its
radar sensor nodes, a coherent signal distribution is very complex and thus very costly. Hence, it is desirable
to generate the mm-wave signals individually for each radar sensor node, i.e., non-coherently. However,
multistatic radar networks using a non-coherent signal distribution for its radar sensor nodes are affected by
systematic errors and uncorrelated phase noise, which reduces the resolution and the detection performance
of these systems. In this article, a novel non-coherent signal synthesis concept based on the direct digital
synthesis (DDS) principle is presented for multistatic radar networks. Compared to a signal synthesis using
a phase-locked loop (PLL), it is shown that the different phase noise behavior of the DDS is beneficial for
bistatic signal paths between the radar sensor nodes. The presented hardware concept is considered and
analyzed for three different types of coherency regarding the signal distribution: coherent, quasi-coherent,
and incoherent. Measurements with a multiple-input multiple-output (MIMO) radar at 150 GHz prove
that despite a non-coherent signal distribution, it is possible to achieve the same detection and imaging
performance as with a fully coherent radar by using a DDS.

INDEX TERMS Bistatic radar, chirp sequence modulation, coherency, DDS, direction-of-arrival (DoA)
estimation, frequency modulated continuous wave (FMCW), imaging radar, millimeter-wave radar, MIMO
radar, multistatic radar, phase noise correlation, PLL, radar networks.

I. INTRODUCTION

Besides Lidar, camera, and ultrasound, imaging radar is a key
sensing technology that is meanwhile frequently used in a lot
of automotive [1], industrial [2], civil [3], military [4], and
security applications [5]. Millimeter-wave imaging radars are
able to determine the range, velocity, and DoA of a radar target
but require phase coherent signals.

Typically, the mm-wave signal stems from one signal
source and is distributed coherently to all hardware chan-
nels [6]-[9]. Thus, the phase noise is correlated and partly
cancels within the intermediate frequency (IF) signal [10],
which improves the detection performance of these radar

systems. However, coherent signals lead to a high hardware
effort on the printed circuit board (PCB) and limit the hard-
ware design. Due to the high signal attenuation losses, a coher-
ent signal distribution is only feasible for radars with moderate
feed line lengths to the antennas.

The increasing demand for a higher angular resolution and
a higher channel diversity makes multistatic radar networks
consisting of multiple radar sensor nodes [11] or radars with
a very large aperture [12] more and more popular. For these
types of radar systems, an incoherent signal distribution is
desirable. The major drawback of an incoherent signal dis-
tribution is the need for synchronization of frequency and
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FIGURE 1. Block diagrams for different types of coherency to combine multiple sensor nodes to one MIMO system according to [13]. (a) Coherent system
with one common signal synthesizer for all sensor nodes. (b) Non-coherent system with one common oscillator but individual signal synthesizers for
each sensor node (quasi-coherent). (c) Incoherent system using an individual signal synthesizer and oscillator for each sensor node. The reference
frequency is significantly smaller than the output frequency of the synthesizer, i.e., fzet <fsyntn-

phase in case of a coherent signal evaluation, the higher com-
putational complexity, and the loss in detection performance
due to uncorrelated phase noise [13], [14]. To exploit the
full potential of signal paths between the radar sensor nodes,
non-coherent hardware architectures with the same detection
performance as coherent radars are needed. In the following,
signal paths between the radar sensor nodes and non-coherent
signal synthesis for the respective transmit (Tx) and receive
(Rx) signals are called bistatic, while signal paths within a
radar sensor node and coherent signal synthesis are denoted
as monostatic.

The simplest way to combine different radar sensor nodes
is to operate them without any synchronization and to eval-
uate only monostatic signal paths employing coherent signals
within one radar sensor node [15]. For a large spacing between
the radar sensor nodes, a target is measured from different
angles, which provides additional information of the target.
Since the bistatic radar responses between the radar sensor
nodes are not evaluated, the full potential of the multistatic
radar network cannot be exploited [16].

To evaluate the bistatic signal paths and to increase the
information content about the scenery, the individual radar
sensor nodes must be synchronized [11], [17]-[20]. Due to
systematic errors, it is not possible to estimate the DoA with-
out a proper error correction in signal processing. Because of
uncorrelated phase noise in bistatic signal paths, the detec-
tion performance is significantly reduced, which degrades the
quality of the estimated radar parameters.

As shown in [13], [14], the systematic errors can be cor-
rected exploiting a known target in the radar channel or alter-
natively by means of a parasitic coupling path within the radar
system. This allows the evaluation of bistatic radar responses
with the same detection performance as for monostatic radar
responses and to perform a DoA estimation with all mono-
static and bistatic radar responses. The requirements of the
signal processing can be relaxed if a common oscillator is
distributed to all signal synthesizers [13], [21], [22]. However,
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the bistatic radar responses are still affected by uncorrelated
phase noise. This can be minimized by a signal processing as
shown in [14]. The main disadvantage of a subsequent phase
noise cancellation in signal processing is the high compu-
tational effort and the necessity to detect a dominant target
besides an increased noise level.

In this work, a novel hardware architecture for non-
coherent multistatic radar networks is presented. The signal
synthesizer is based on the architecture presented in [23],
which uses the principle of a DDS. Compared to [23], each
radar sensor node within the network is implemented with
its own signal synthesizer. Therefore, bistatic signal paths
between the radar sensor nodes are relevant and are also eval-
uated. A phase noise analysis is performed and compared to
a signal synthesis using a PLL. With the proposed hardware
architecture, it is possible to realize multistatic radar networks
with non-coherent signal synthesis but the same detection
performance as for coherent radars. The results presented in
this article are a milestone in multistatic radar networks and
show for the first time that the same detection performance
can be achieved both for monostatic and bistatic signal paths
despite non-coherent signals.

The article is organized as follows: The different types of
coherency are introduced in Section II. Afterwards, the typical
error sources in bistatic radar responses are summarized in
Section III, and a phase noise analysis is conduced for both a
signal synthesis using a DDS and a PLL. The theory is verified
by radar measurements in Section IV for different types of
coherency and both signal synthesis variants. Finally, the over-
all imaging performance of the multistatic radar network is
shown for the quasi-coherent and incoherent case when using
the DDS as signal synthesizer.

Il. DIFFERENT TYPES OF COHERENCY

In general, imaging radars are realized with a coherent signal
distribution concept as depicted in Fig. 1(a). For this purpose,
a centrally generated high-frequency signal is distributed to all
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Tx and Rx antennas using a signal distribution network. This
ensures that the phase relations between all hardware chan-
nels are constant and only need to be calibrated once before
performing a DoA estimation [24]. As the signal distribution
on the PCB is lossy, the maximum feed line length is limited,
which mainly depends on the distribution frequency and the
used materials.

Especially for multistatic radar networks, a coherent sig-
nal distribution for the high-frequency signals is not feasible,
as it is very complex and thus costly for increasingly large
spacings between the radar sensor nodes. This limitation in
the hardware design can be solved if the signal synthesis is
realized non-coherently for each radar senor node [13].

In Fig. 1(b), a non-coherent signal distribution as in [13],
[21], [22] is shown, where one common reference oscillator
at a significantly lower frequency than the output frequency
of the signal synthesizer (fref<<fsyntn) is shared between all
synthesizers. As the generated signals are referred to a com-
mon oscillator, the requirements for the signal distribution
network are reduced. In this article, this system configuration
is denoted as quasi-coherent.

Alternatively, the hardware effort can be further reduced if
the signal distribution is realized fully incoherently and thus,
no common reference signals are shared (see Fig. 1(c)).

In both non-coherent cases (quasi-coherent and incoher-
ent), the high-frequency signal is generated individually in
each radar sensor node. The number of systematic errors
as well as the achievable detection performance differ for
the different types of coherency and for the different signal
synthesizer architectures. In the following, these errors and
the expected phase noise correlation is derived and compared
for both signal synthesizer concepts (PLL and DDS) and the
quasi-coherent and incoherent system setup.

I1l. ERROR AND PHASE NOISE ANALYSIS

In this section, the errors in bistatic signal paths are outlined,
and a phase noise model is derived when using the DDS and
the PLL as signal synthesizer in non-coherent radars. Finally,
the derived theory is verified by measurements.

A. ERROR SOURCES IN NON-COHERENT RADARS

The used signal distribution and system concept directly deter-
mine the systematic errors. Since different signal synthesizers
(quasi-coherent system, Fig. 1(b)) and even reference oscil-
lators (incoherent system, Fig. 1(c)) are used, the signals are
not phase-locked at the operating frequency as in the coherent
system in Fig. 1(a). The occurring errors are extensively de-
scribed in [13], [14] and are therefore only briefly summarized
here.

Due to the different oscillators in the incoherent system
(see Fig. 1(c)), the bistatic radar response is affected by the
following errors: A start time and frequency error causes a
range offset, a ramp slope error leads to a change of the eval-
uated range within the ramp duration, a start phase difference
between the signal synthesizers affects the DoA estimation
capability, and uncorrelated phase noise influences the noise
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level and the detection performance. When using one common
reference oscillator, only the start phase difference and par-
tially uncorrelated phase noise remain, as all other errors are
caused by the slightly different oscillation frequencies of the
oscillators. These errors can be corrected in signal processing
using a known static target [13] or with one dominant target
in the radar channel [14].

B. FREQUENCY SYNTHESIS WITH PLL

The simplified block diagram of a typical PLL circuit is shown
in Fig. 2(a). The closed loop consists of a reference oscillator
with low phase noise (Ref), a phase-frequency detector (PFD),
a charge pump (CP), a frequency divider with factor K, a low-
pass filter (LF), and a voltage-controlled oscillator (VCO). In
order to generate FMCW signals either the reference source
can be modulated, or a variable frequency divider can be used.
The synthesizer in this work was exemplarily realized using
the device LMX2492 from Texas Instruments in combination
with the wideband VCO HMC6380 from Hittite. The advan-
tage of the signal synthesis using a PLL is the high spectral
purity and its low power consumption (LMX2492: 0.2W,
HMC6380: 0.38 W). The theoretical principles of PLLs are
extensively studied in [25]-[28].

In the following, the phase noise sources of the output
signal of a PLL are summarized. Phase noise is described by
its power spectral density L¢. Since the individual sources
are assumed as uncorrelated, the phase noise L4 prr ou at
the output of a PLL is given by an additive superposition of
the phase noise contributions L¢ from the individual PLL
components [29]:

Lo prr,ou(f) = Lo ret(f) + Lo prp(f)
+ Lo 1r(f) + Lo veo(f). (L)

The output phase noise of the PLL is influenced by the
phase noise source of the reference oscillator (Lg Rref), the
PFD ([,(p,pFD), the LF (['tb,LF) and the VCO (£®,VCO)- The
corresponding transfer functions to the output in (1) are al-
ready included within the individual phase noise contribu-
tions [26]. Thus, the output phase noise of a PLL can only be
improved by considering all phase noise sources and reducing
the dominant part of the output phase noise.

C. FREQUENCY SYNTHESIS WITH DDS

The signal synthesis using a DDS is performed by digital
samples. One possible realization of a high-frequency signal
synthesis using a DDS is shown in Fig. 2(b). The DDS cir-
cuit consists of a reference oscillator (Ref), an optional fre-
quency divider with factor K, a phase accumulator, a phase-to-
amplitude converter (PAC), and a digital-to-analog converter
(DAC). The synthesizer in this work was exemplarily realized
using the device AD9914 from Analog Devices.

In contrast to the PLL, the reference frequency of the oscil-
lator must be at least twice as large as the highest generated
frequency to satisfy the sampling theorem. Thus, the DDS
clock is significantly higher in comparison to the PLL clock.
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FIGURE 2. Block diagrams of two typical circuits to synthesize mm-wave signals. The individual phase noise sources are marked in red. (a) PLL. (b) DDS
including a multiplier by factor N, and a mixer to increase the output frequency.

To generate even higher frequencies, the DDS output signal
must be translated to the desired frequency band. This can
be done by a frequency multiplication, an up-conversion with
a mixer, or a combination of both as shown in Fig. 2(b).
Alternatively, it is possible to use higher Nyquist bands, or the
DDS can be used to generate a low-frequency FMCW signal,
which is then stabilized with a PLL and an integer divider
in the control-loop [30]. The advantage of the DDS is its
high frequency resolution. Disadvantages are the high power
consumption of the DAC (AD9914: 2.4 W) and the poorer
spectral purity (primary phase truncation spurs, harmonics,
images of higher Nyquist bands) compared to the PLL, which
requires one or multiple complex filtering stages [31].

The phase noise Lo pac,out at the output of the DAC con-
sists of the sum of the phase noise of the reference oscillator
L ref and the internal phase noise L pps of the DDS circuit
and is given by [32]

2
fDAC,Out) )

Lo pac,ou(f)= <— Lo ret(f)+Lao.pDS(f).
fRef

The internal phase noise of the DDS circuit includes the
flicker noise and the thermal noise of the DAC. It has to
be noted that the frequency divisor with factor K is already
included in the ratio of the frequencies. The output phase noise
can be improved using a reference oscillator with lower phase
noise as long as the phase noise of the reference is better than
the phase noise source of the circuit. In case that the frequency
conversion is realized using a mixer with correlated signals
coming from a single signal source and a frequency multiplier
(see Fig. 2(b)), the phase noise at the output of the DDS results
in [33]

JfDAC,0ut
SRef

+N?Lo pps(f)-

2
Lo pps,ou(f) = (N + 1) Lo ret(f)

3)

D. PHASE NOISE CORRELATION FOR DIFFERENT TYPES OF
COHERENCY

The essential quantity to describe the signal quality and the
detection performance within a radar measurement is the
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signal-to-noise ratio (SNR). The received signal power is
given by the radar equation and depends on the transmit-
ted power, the antenna gain, the free-space loss, and the
radar cross section of the target [34]. In contrast, the noise
power is composed of several sources along the signal path
and is a superposition of thermal noise, quantization noise,
and phase noise [35]. Typically, analog-to-digital converters
(ADCs) within the radar monolithic microwave integrated cir-
cuit (MMIC) have 12 or more effective bits [8], which means
that the quantization noise level is much smaller than the ther-
mal noise level and can therefore be neglected. The thermal
noise level is given by the receive chain and is thus identical
for monostatic and bistatic radar responses. The phase noise
power directly depends on the system concept and differs
significantly for monostatic and bistatic radar responses and
the types of coherency. In the following, the influence on
the phase noise is analyzed for both synthesizer architecture
(DDS and PLL) and for the different types of coherency.

1) COHERENT SYSTEM

For the coherent system (see Fig. 1(a)), the Tx and Rx signals
stem from the same signal synthesizer. Thus, the phase noise
of the signals is correlated, and the range correlation effect
occurs [10]. The phase noise L¢ within the IF signal cancels
depending on the time delay t of the signal in the radar
channel and the frequency offset f from the carrier. The range
correlation effect is valid for both synthesizer architectures,
and the residual phase noise Laq after the output of the
receive mixer is given by

Lao(f) = Lo(f)[2—2cos2nf1)] . 4)

The term within the brackets of (4) describes the phase
noise cancellation factor due to the range correlation effect.
It is valid for both continuous wave Doppler radars and ho-
modyne FMCW radars [35].

2) QUASI-COHERENT SYSTEM

If a common reference oscillator is used as in the quasi-
coherent system (see Fig. 1(b)), the range correlation effect
according to (4) has only an impact on the phase noise source
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of the reference oscillator. In this case, the phase noise at
the output of the receive mixer is partly correlated [7]. All
other phase noise sources superimpose and lead to an increase
of the initial phase noise by 3 dB in case of two identical
synthesizers. Based on the phase noise model given by (1)
and (3), the phase noise at the output of the receive mixer is
given by

Lao,PLLg—con(f) = [2 —2¢c0s27 f1)] Lo ret(f)

+ 2 (Lo,pro(f) + Lo, Lr(f)

+ Lo, vco(f)) (5)
Lad,0D8,q—coh(f) = 2 N* Lo pps(f) + [2 — 2cos(27 f7)]

2
- (Nw " 1) Lore(f). (©6)
f Ref

Compared to the DDS, the output phase noise of the PLL
is not only influenced by the phase noise source of the PFD
(Lo.prp) and reference oscillator (Lo rer) but also by the
phase noise of the LF (Lg,1F) and the VCO (Lo vco). Typi-
cally, the output phase noise of a PLL is dominated by the ref-
erence oscillator for small frequency offsets from the carrier.
For these small frequency offsets, a quasi-coherent system
can improve the output phase noise. Also, if a low quality
reference oscillator raises the overall output phase noise of
the PLL, a quasi-coherent system is beneficial, too.

On the other hand, the phase noise of the DDS is only
determined by the phase noise of the circuit and the reference
oscillator. By canceling the phase noise of the reference oscil-
lator (see (6)), the internal phase noise has a major influence
on the residual phase within the IF signal. Hence, the output
phase noise of the DDS is only marginally influenced by the
phase noise of the reference oscillator and is mainly given by
the internal phase noise of the circuit. It has to be mentioned
that the internal phase noise is mainly produced by the finite
resolution of the DAC and typically lower compared to a
PLL [36].

3) INCOHERENT SYSTEM

Due to the two completely independent signal synthesizers,
the noise processes at the receiver output are completely un-
correlated for bistatic radar responses. Thus, the phase noise
at the receiver output can be calculated as an additive superpo-
sition of the phase noise sources of the two signal synthesizers
involved in the IF signal:

L incon(f) = Lo synth, (f) + L. Synth, (f) - (7

Therefore, the resulting phase noise in the IF signal can
only be reduced by improving the output phase noise of the
individual signal synthesizers.

E. PROOF OF THE PHASE NOISE CANCELLATION

The phase noise model and the expected partial phase noise
correlation for the quasi-coherent system realization is eval-
uated experimentally with the measurement setup shown in
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FIGURE 3. Simplified block diagram of the measurement setup as in [7] to
verify partially correlated phase noise in the quasi-coherent setup.

TABLE 1. Overview of the Different System Realizations

quasi-coh, DDS with Ref (1) DRO (@ PLL
PLL with Ref (3) XCO™ (¥ XCo~
incoherent  PPS Wwith Ref (®2xDRO  (6) 2xPLL
PLL with Ref (7)) 2 x XCO™ 2 x XCO™

L& Ret high quality low quality

Fig. 3. To measure the phase noise by means of a signal source
analyzer, the signal of one signal synthesizer is shifted by
the frequency fxco using a low-frequency crystal oscillator
(XCO) [7]. To ensure that the XCO has no influence on the
phase noise of the signal synthesis, the XCO must have sig-
nificantly smaller phase noise than the generated signal at the
output of the signal synthesizer, i. €., Lo, xco < L, Synth- The
residual phase noise Laq at the output of the mixer can be
measured with a signal source analyzer at the frequency fxco.
In order to verify the phase noise correlation, the phase noise
level is adjusted for both signal synthesizer variants (PLL
and DDS) using reference oscillators of different quality. In
case of the DDS, the input frequency of 2.5 GHz is firstly
derived from a high quality dielectric resonator oscillator
(DRO) at 10 GHz. In the second case, the 10 GHz signal is
generated with a PLL with a significantly inferior phase noise
performance. Compared to the DDS, the input frequency of
the PLL is significantly lower due to the different operating
principle. In the first case, the reference oscillator is a high
quality XCO™ at 100 MHz with very low phase noise and in
the second case a low quality oscillator XCO™ at 100 MHz
with poor phase noise performance. The system realizations
are summarized in Table 1. Since the transmission line lengths
to the mixer are identical, and the group delay of the mixer is
negligibly small, the signal delay 7 is almost zero, and the
correlation of the phase noise of the reference oscillator is
maximum. Thus, the measurements show the best achievable
system performance.
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FIGURE 4. Measured phase noise and resulting phase noise cancellation (marked as gray area) for the quasi-coherent system setup with the system
configurations according to Table 1. (a) DDS with DRO (10 GHz, high quality) @®. (b) DDS with PLL (10 GHz, low quality) @. (c) PLL with XCO (100 MHz,

high quality) ®. (d) PLL with XCO (100 MHz, low quality) @.

The phase noise measurements and the resulting phase
noise cancellation for both signal synthesizer variants (DDS
and PLL) and different phase noise levels of the reference
oscillator are compared in Fig. 4. According to Section III-
HI-C and (3), the output phase noise La, synth (1.2) of the DDS
is given by the superposition of the phase noise of the refer-
ence oscillator Lq¢ rer scaled to the output frequency (cf. (3))
and the internal phase noise L¢ pps of the circuit, which is
proven by the composition of the curve shape of L@,Symhm
(see Fig. 4(a) and (b)). The residual phase noise Lo (—) at
the receiver output is the same for both reference phase noise
levels and shows the range correlation of the phase noise of
the reference oscillator (see the gray marked area). In both
cases, the mixer output corresponds to the internal phase noise
Lo pps of the DDS circuit and is determined by flicker noise
(ox 1/f) for small frequency offsets and thermal noise for
larger frequency offsets from the carrier.

For the PLL, the following relationships apply: If a high
quality oscillator with low phase noise is used (see Fig. 4(c)),
the output phase noise of the PLL is not influenced by the
reference oscillator. Thus, the phase noise at the output of the
receive mixer (—) is the additive superposition of the phase
noise of both PLLs, leading to an increase of the phase noise
level of 3 dB and shows that no improvement due to a range
correlation occurs. If a low quality reference oscillator is used
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and the output phase noise of the PLL is thus raised by the
oscillator, the range correlation leads to an improvement of
the phase noise at the receiver output (see Fig. 4(d)).

This implies that for the quasi-coherent system a reference
of lower quality can be used to achieve the same system
behavior as with a high quality reference. Since the range cor-
relation effect reduces for larger signal delays, it is necessary
to take the maximum expected signal delay into account while
determining the needed quality of the reference.

Based on the range correlation measurements of the quasi-
coherent system in Fig. 4, a performance evaluation can also
be provided for the incoherent system. According to (7), the
incoherent system operation leads to an increasing residual
phase noise by 3 dB. This means that with the incoherent sys-
tem a deterioration in detection performance in comparison
to the quasi-coherent system occurs if the reference oscilla-
tor is worse than the residual phase noise. This is the case
in Fig. 4(a) for small frequency offsets up to approximately
200 kHz and in Fig. 4(b) for offset frequencies up to 10 MHz,
where the phase noise level of the reference oscillator (PLL)
is about 25 dB above the internal phase noise of the DDS.

For the PLL realization using a high-quality XCO (see
Fig. 4(c)), no difference in the detection performance between
quasi-coherent and incoherent signal couplings can be ex-
pected, because the reference oscillator does not influence the
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output phase noise of the PLL. Using a reference oscillator of
low quality (see Fig. 4(d)), the output phase noise of the syn-
thesizer is raised up to an offset frequency of approximately
400 kHz. For the incoherent system this deteriorates the de-
tection performance of up to 20 dB (gray area) in contrast to
the quasi-coherent system.

IV. VERIFICATION BY RADAR MEASUREMENTS

The theoretical derivations from Section III, which were
shown using continuous wave measurements, are applied and
verified in the following sections based on the achievable
detection performance and the overall imaging performance
for the quasi-coherent and incoherent operation mode (see
Fig. 1(b) and (c¢)) in FMCW radar measurements.

A. HARDWARE DEMONSTRATOR

The radar demonstrator used for the verification of the theory
is depicted in Fig. 5. The radar is composed of two radar
sensor nodes, each with eight single-channel radar MMICs
and integrated on-chip antennas for both the Tx and Rx signal
paths [37]. The block diagram of the FMCW MIMO radar
is shown in Fig. 5(a) and the used architecture of the MMIC
in (b). The radar parameters used for the measurements are
summarized in (c). The radar bandwidth of B = 7.2 GHz re-
sults in a range resolution of R ~ 2.1 cm. A photograph of the
multistatic radar network with an overall virtual aperture size
of 196.5 X is depicted in Fig. 5(d). Additionally, a photograph
and a schematic illustration of the measurement hardware are
given in Fig. 5(e) and (f).

The thermal noise level Py, can be calculated by [35]

T;
Pi=keTBaGrx =kn(Fy — 1) 72 Gry =—67dBm . (8)
c
with the equivalent noise temperature 7,, the temperature
To = 290K, the noise figure F;, = 16 dB, the Boltzmann
constant kg, the receiver gain Grx = 51 dB, and the noise
bandwidth B, = 1/7. = 1/100us.

B. DETECTION PERFORMANCE

This section deals with the detection performance in terms of
the expected SNR is evaluated for a bistatic radar response for
all types of coherency (see Fig. 1) and both signal synthesizer
variants (DDS and PLL, see Fig. 2) in comparison. The overall
noise level of a single measurement Py is determined by cal-
culating the standard deviation over N, = 32 ramps [7]. The
theoretical noise level is simulated based on the results from
Section IIT using (5) and (6) and compared to the measured
noise level.

1) COHERENT SYSTEM

An evaluation of the detection performance for coherent,
highly integrated short-range radars in the upper millimeter-
wave range was already conducted in [37], [38]. It was shown
that fully coherent short-range radars are typically thermally
noise limited due to the high range correlation factor, see (4).
An exemplary noise budget of the coherent system is given in
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TABLE 2. Exemplary Noise Estimation in the Coherent System
parameter value
receive power” —21dBm
phase noise*" " B
(f. = 154.2 GHz, f = 350 kHz) 74.75 dBe/Hz
noise bandwidth™ (7). = 100 us) 40dB Hz
range correlation factort (7 =23.5ns, (4)) —25.75dB
noise level due to phase noise™ —81.5dBm
thermal noise level ™ —67dBm

* measured T calculated

Table 2 for typical values at a frequency offset f = 350kHz
and a signal delay v = 23.5ns (corresponds to the beat
frequency f, = 1.7MHz or the range R = 3.5m). The
phase noise is measured at the synthesizer output frequency
Sfsynth = 12.85GHz and converted to the center frequency
feo = 154.2 GHz. The noise estimation reveals that the noise
level due to phase noise Ppn is 14,5 dB below the thermal
noise level. Thus, this radar system is thermally noise limited.

This noise estimation can be calculated for each frequency
offset from the carrier and thus for all beat frequencies. It
shows that the detection performance is always determined
by the thermal noise level.

2) QUASI-COHERENT SYSTEM

Due to the usage of a common reference oscillator, the can-
cellation factor from (4) only affects the phase noise of the
reference oscillator, see (5) and (6).

According to (6), the phase noise of the DDS is determined
by the phase noise of the reference oscillator and the internal
phase noise of the DDS circuit. Thus, an improvement of the
residual phase noise at the receiver output is achieved if the
phase noise of the reference oscillator is worse than that of the
DDS circuit and improves due to the phase noise cancellation
factor regarding the phase noise of the reference oscillator.
Hence, the internal phase noise of the DDS circuit is expected
to dominate the radar measurement in the quasi-coherent sys-
tem.

These theoretical results from Section III are verified and
compared in Fig. 6(a) and (b) by means of radar measurements
using the DDS and reference oscillators of different quality.
Due to the constant curve shape of the measured noise level
(---) and the agreement with the theoretically derived thermal
noise level (---), it follows that the measurements with the
DDS are thermally noise limited in both cases despite differ-
ent output phase noises of the signal synthesizers. Thus, there
is no difference in the detection performance if compared to
the coherent system [37]. At an exemplary frequency offset of
f = 350kHz, the simulated phase noise power for the DDS
with DRO (see Fig. 6(a)) is about 20,5 dB below the thermal
noise level. According to the theory, it is only determined by
the internal phase noise of the DDS circuit. When using a low
quality reference oscillator (DDS with PLL), the simulated
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FIGURE 5. (a) Block diagram of the radar system and measurement setup used for the measurement verification. (b) Architecture of the MMIC. (c) Radar
parameters used for the verification. (d) Photograph of the antenna frontend consisting of two two radar sensor nodes, each equipped with 8 radar
MMICs. (e) Photograph and (f) schematic illustration of the measurement hardware.

phase noise power increases by 8,7 dB (-87,5 dBm — —
78,8 dBm) as it is also affected by the phase noise of the oscil-
lator in addition to the internal phase noise of the DDS circuit.

In comparison, the output phase noise of the PLL is also
influenced by the VCO and the LF. An improvement due
to correlated phase noise can only be achieved if the output
phase noise is raised by a low quality reference oscillator.
Using the PLL (see Fig. 6(c) and (d)) a loss in detection
performance due to uncorrelated phase noise has to be
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expected. The measured noise level is in good agreement with
the simulated phase noise level (). For a receive power of
—22,5 dBm, the noise level increases by 15,5 dB compared
to the thermal noise level. The difference in simulated
phase noise power of about 27 dB between DDS with the
PLL as reference oscillator and the PLL corresponds to the
non-existent cancellation factor in (5) on the LF, the VCO,
and the internal phase noise of the PLL circuit. Furthermore,
the receive power differs by about 1 dB.
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The measurements prove that using a DDS the same detec-
tion performance can be achieved with reference oscillators of
different quality, because the range correlation suppresses the
phase noise source of the reference oscillator. This advantage
cannot be fully exploited with the PLL as the phase noise
sources of the VCOs, LFs, and the PLLs are always uncor-
related and dominate.

3) INCOHERENT SYSTEM

By using independent signal synthesizers, the noise processes
at the receiver output are uncorrelated for bistatic signal paths.
Consequently, the detection performance in radar measure-
ments with incoherent signal generation only depends on the
receive power, the output phase noise of the signal synthesizer,
and the noise bandwidth. Thus, the detection performance in
radar measurements can only be improved by lowering the
output phase noise of the signal synthesizer.

The achievable detection performance in incoherent radar
measurements is shown in Fig. 7 for both signal synthesizer
variants (DDS and PLL) and for reference oscillators of dif-
ferent quality. The measurement from Fig. 7(a) illustrates that
for the DDS with DRO the noise level is still determined by
thermal noise due to the very low internal phase noise of the
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DDS circuit and the high quality reference oscillator. At the
exemplary frequency offset f = 350 kHz, the simulated phase
noise power is about 21 dB below the thermal noise level and
is thus comparable to the quasi-coherent system. Based on
the phase noise simulated according to (7), it is obvious that
the phase noise power is increased for very small frequency
offsets from the carrier compared to the quasi-coherent
case since the reference oscillators are not correlated. This
influence in the vicinity of the carrier is eliminated because of
the sufficiently large distance between the receive power and
the noise level due to phase noise and is thus not visible in
the radar response. For larger frequency offsets, the internal
phase noise of the DDS circuit is dominant. The very low
internal phase noise does not influence the radar response,
and there is no difference to the quasi-coherent case.

For the DDS with PLL as reference (see Fig. 7(b)), the
detection performance is reduced in comparison to the quasi-
coherent system (see Fig. 6(b)) due to the non-existent cor-
relation of the reference oscillator. For a receive power of
—23 dBm the noise level increases by 15,5 dB in comparison
to the thermal noise level and is comparable to the PLL in the
quasi-coherent system for both realizations (see Figs. 6(c) and
(d)) and the PLL with reference oscillator of high quality in
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the incoherent operation mode (see Fig. 7(c)). Consequently,
the internal phase noise of the PLL, the VCO, and the LF
dominates the phase noise behavior.

If the phase noise of the reference oscillator is degraded in
contrast to the quasi-coherent operation (see Fig. 7(d)), the
detection performance is also reduced due to the non-existent
correlation of the reference oscillator.

C. OVERALL IMAGING PERFORMANCE

The results from Section IV-IV-B prove that with the DDS
comparable SNRs can be achieved for the coherent, quasi-
coherent, and incoherent setup by minimizing all phase noise
sources. In order to evaluate the influence of the different
types of coherency and the related systematic errors on the
imaging quality, the overall imaging performance of the mul-
tistatic MIMO radar network with DDS signal synthesizer is
investigated for the measurement setup given in Fig. 5(a). The
evaluation metrics are the estimation variance of range and
phase, the SNR after a non-coherent integration across all
channels, and the DoA estimation performance. In order to
evaluate the measurement results, the received power levels
of a single target in the radar channel are depicted in Fig. 8
among all channels for the quasi-coherent (see (a)) and in-
coherent (see (b)) case. The coherent case is included in the
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monostatic radar responses. Additionally, the received power
level of the reference target that is used to correct all system-
atic errors in the incoherent case and the start phase difference
between successive measurements in the quasi-coherent case
is shown in Fig. 8(c). Due to the large aperture size and the
violation of the far-field condition, the bistatic angle increases
for antennas further apart from the array center. As a result
of the angle-dependent directivity of the corner reflector and
the radiation pattern of the antennas, the received power level
decreases for these antennas [12]. In comparison to the radar
target for monostatic radar responses, the received power of
the reference target is about 25 dB lower but quite similar
among the channels. In addition, the received power of the
reference target is comparable to that of the main target in the
outer bistatic channels.

1) ESTIMATION VARIANCE

The DoA and range estimation variances depend on an ac-
curate estimate of the target information within the radar re-
sponse. The evaluation is performed using a discrete Fourier
transform (DFT) for each ramp within the ramp block. The
heatmaps of the range and phase estimation variances are
shown by means of its standard deviation o for the quasi-
coherent and incoherent case in comparison (see Fig. 9).
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The coherent case is included within the monostatic radar
responses.

The results show that the same trend yields for the range
and phase estimation. However, the results differ between
the incoherent and the quasi-coherent setup. For the quasi-
coherent cases (Figs. 9(a) and (c)) the estimation variance
depends on the receive power and the resulting SNR (cf.
Fig. 8(a)). Hence, the standard deviation increases with a
lower SNR. Furthermore, there is no clear difference between
monostatic and bistatic radar responses.

For the incoherent case, there is a distinct difference be-
tween monostatic and bistatic radar responses. Whereas the
estimation variance for monostatic radar responses is com-
parable to the quasi-coherent case, the estimation variance is
significantly worsened for bistatic radar responses. This dis-
tinction arises due to systematic errors caused by the different
oscillators, which have to be corrected. In the measurements,
this error correction is conducted by means of the reference
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target [13]. As the SNR of the reference target is comparable
in all channels and significantly lower than for the radar target
in monostatic radar responses (see Fig. 8(c)), the quality of
the error correction is low and leads to a high estimation
variance in all bistatic radar responses. Hence, the estimation
variance in the incoherent setup depends on the weaker of
the two targets (main target or reference target). The received
power of the main target in the outer bistatic channels (e.g.
Tx1Rx¢) is comparable to the received power of the reference
target. Thus, the estimation variance in the incoherent setup
is similar to that of the quasi-coherent setup for these outer
bistatic channels.

2) RANGE-VELOCITY-DIAGRAM AND DOA ESTIMATION

The imaging performance is compared for the quasi-coherent
and incoherent case using the range-velocity (R-v-) diagram
and the DoA estimation. The measurement results shown in
Fig. 10 are performed by a measurement setup as in Fig. 5(a)
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signal synthesis in comparison to the simulation of the coherent case (- .

for a target at the distance R = 3.5m and an incident an-
gle ¥ = 15°. Since the same detection performance can be
achieved in monostatic and bistatic radar responses (see Sec-
tion IV-IV-B) for both the quasi-coherent and incoherent case
when using the DDS with DRO, the resulting noise level is
the same in both cases and in accordance with the thermal
noise level. For the incoherent case, the phase stability be-
tween successive ramps is dependent on the frequency and
phase correction for each ramp [13]. As the accuracy of the
estimated correction value also depends on the low SNR of the
reference target, the phase trend between successive ramps is
not perfectly constant and superimposed by noise. This results
in an increased sidelobe level in the velocity domain. For mov-
ing targets, the phase trend between successive ramps changes
linearly. Due to the same correction as for static targets, this
linear phase trend is also superimposed by noise. This results
in the same increased sidelobe level as for static targets. Nev-
ertheless, the correct determination of the velocity of the target
is not affected by this correction. The phase stability between
successive radar measurements is sufficiently large to lead to
the same DoA estimation performance for both non-coherent
systems (see Fig. 10(c) and (d)).
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V. CONCLUSION

In this article, a phase noise analysis regarding the achievable
detection and imaging performance of non-coherent (quasi-
coherent and incoherent) multistatic MIMO radar networks is
given when using the DDS and the PLL as frequency syn-
thesizers. The multistatic radar network consists of multiple
radar sensor nodes with an individual signal synthesizer for
each node. It is shown that the hardware architecture of a DDS
is beneficial for bistatic signal paths, as the phase noise of
the DDS is only determined by the very low internal phase
noise of the DDS circuit and the reference oscillator. In case
of the PLL, also the VCO and the LF have to be considered
as they have a major influence on the output phase noise.
It is shown that the use of a common reference oscillator
(quasi-coherent system) reduces the hardware effort compared
to a fully coherent system and relaxes the requirement for the
quality of the used reference oscillator. Measurements with
a multistatic MIMO radar at 150 GHz prove that by using
the DDS, it is possible to achieve the same detection and
imaging performance as for a coherent system, although the
signals are generated in a quasi-coherent or incoherent system
configuration.
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