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Scalable 60 GHz FMCW Frequency-Division
Multiplexing MIMO Radar
Henrik Forstén, Tero Kiuru, Mervi Hirvonen, Mikko Varonen and Mehmet Kaynak

Abstract—A 60 GHz FMCW MIMO radar system using
frequency-division multiplexing for TX signal separation is
presented. Four-channel transmitter and receiver chips were
designed using 130 nm SiGe process. The total number of TX and
RX channels can be scaled by the number of chips in the system
while still maintaining phase coherence between the channels. 2D
and 3D object localization measurements are made with 4 TX
and 8 RX channel systems. In the 2D configuration, the radar
system is capable of 5 cm range resolution and 3.5 degree angular
resolution.
Index Terms—3D imaging radar, frequency-modulated continuous wave (FMCW) radar, frequency-division, multiple-input
multiple-output (MIMO) radar, mm-wave, SiGe

I. I NTRODUCTION

T

HE use of radars for civilian applications has increased
in recent years, due to fast SiGe and CMOS technologies allowing cheaper systems. Main application driving this
development has been and still is the automotive radar [1].
Both good range and angular resolution target localization is
often important. To achieve better angular resolution multiple
channels are required. Multiple-input multiple-output (MIMO)
is a popular method for achieving high channel count by increasing amount of both transmitter and receiver channels [2].
MIMO radar transmitter signals need to be able to be separated at the receiver. There are few common ways to achieve
the separation: time, frequency or code-division multiplexing.
Time-division multiplexing system transmits using only one
transmitter at a time. Significant drawbacks of this approach
are increased measurement time as the number of transmitters
is increased as well as measurement errors if the scene has
moving targets or if the radar itself is moving, although
movement can be compensated to some extent [3]. In a codedivision multiplexing a constant frequency carrier is modulated
with a high bandwidth orthogonal modulation such as phaseshift code [4], [5]. ADCs need to sample the whole received
signal bandwidth since mixing to the transmission signal as
done with linear sweeps can’t be used [5]. Frequency-division
multiplexing transmits non-overlapping frequencies simultaneously from each transmitter so that different transmitter signals
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can be separated at the receiver [6]. This approach can handle
moving targets due to measuring all the MIMO channels
simultaneously, but requires modulators at each transmitter for
shifting the transmitter frequency and faster ADCs due to the
wider IF signal bandwidth.
Several MIMO radars operating at mm-wave frequencies
have been published [5]–[13]. Time-domain multiplexing being the most common method for separating the TX signals. In addition, commercial millimeter wave chipsets and
development boards capable of time-domain multiplexing are
available [14], [15].
In this paper an FMCW MIMO radar system utilizing
frequency-division multiplexing is described. The intended
application for the system is short-range high resolution localization of nearby possibly moving objects when the radar
itself might be moving, for example mounted on an UAV.
Frequency-division multiplexing was determined to be the
best choice due to the high resolution requirement making
code-division too complicated and requirement for accurate
fast moving object tracking making time-division multiplexing impractical. Frequency division multiplexing additionally
allows accurate phase measurements for applications such
as determining heartbeat and breathing rate from a small
movement of the chest.
The aim of this work is to develop a complete, highperformance, imaging frequency-division MIMO radar system.
The radar architecture and integrated circuits presented in this
work have been designed in such a way, that the system
can be scaled to much larger radar systems. The approach
realized in this work provides high frame rate measurement,
excellent phase stability and large field of view. We have
demonstrated both 2D and 3D imaging systems. To the best
of our knowledge 3D imaging millimeter wave frequencydivision MIMO systems have not been demonstrated before.
II. S YSTEM A RCHITECTURE
The radar chips are designed in a way, that the number of
TX and RX channels can be scaled by adding more chips
to the system. To allow scaling for system with very large
amount of channels it’s advantageous for one chip to have
multiple channels to reduce the assembly effort. Separate TX
and RX chips are designed to allow independent TX and RX
scaling, lower the TX-RX leakage and give more freedom for
the antenna layout. A single external VCO and PLL are used
so that the same LO signal can be distributed to all the chips,
leading to a good phase noise correlation [18]. Compared to
a feed-through approach with buffer amplifier on chip, doing
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TABLE I
C OMPARISON OF SOME MM - WAVE MIMO RADAR SYSTEMS
Source

[10]

[7]

[11]

[16]

[17]

[13]

This work

Frequency band

120 GHz

77 GHz

120 GHz

77 GHz

77 GHz

94 GHz

60 GHz

Measurement bandwidth

20 GHz

2 GHz

5 GHz

2 GHz

200 MHz

6 GHz

3 GHz

Number of transmit/receive antennas

2/6

6/8

4/4

4/4

8/8

4/4

4/8

TX Multiplexing

Time

Frequency

Frequency

Time

Frequency

Time

Frequency

Channels in one MMIC

1

3 (TX), 4 (RX)

2

8*

Hybrid assembly

2

4

Chip area / channels

2.3 mm2

2.00 mm2

2.03 mm2

0.58 mm2

-

0.55 mm2

1.28 mm2

*

Transceiver counted as two channels.

Fig. 2. 4TX chip block diagram.

Fig. 1. Conceptual system block diagram with two RX and two TX channels
for simplicity.

the LO division on PCB can require buffer amplifiers on PCB,
but these are inexpensive at 10 GHz. The advantage is that
there is no LO delay difference between the chips and the
noise correlation is better. LO path length difference between
the chips results in a different measured target distances. Low
frequency LO signal is used for easier routing on PCB, since
in a system with many channels routing 60 GHz LO signal
would be very difficult. The chips presented in this paper have
four channels occupying only a small area. Comparison to a
few similar systems is presented in Table I.
Simplified block diagram of the system is presented in
Fig. 1. An external 10 GHz PLL is used to generate a linear
frequency sweep, which is multiplied to 60 GHz frequency
range in the RF chips. Direct digital synthesizers (DDS) are
used to generate low frequency IQ modulation signals for the
transmitters and external ADCs digitize the receiver IF signals.
TX signal separation in the frequency-division MIMO radar is
achieved by mixing a different low frequency sine wave with
frequency fmod,i to the transmitted sweep fLO on ith TX so that
each TX transmits a sweep at unique frequency fLO + fmod,i .
All RX channels receive the signals reflected from the targets
originating from each TX. The received signal that is sum of

all transmitted signals is mixed with the non-shifted frequency
sweep to dechirp the signal like in usual FMCW radars. The
result of the mixing is ordinary FMCW IF for each TX signal
shifted by fmod,i [7], [11]. As long as the fmod,i spacing is
large enough that the signals from different transmitters don’t
overlap, each TX signal can be separated. Separation is done
by multiplying an IF signal with exp(−j2πfmod,i t) term to
remove the modulation and lowpass filtering is done to remove
the other transmitter IF signals. Unique signal is obtained for
each TX-RX combination.
III. C IRCUIT D ESIGN
The RF chips were implemented with IHP’s SG13S 130 nm
SiGe process with an ft/fmax of 250/340 GHz. Nominal
supply voltage is 2.3 V. During on-die measurements TX and
RX chips used 250 and 260 mA currents respectively with
10 GHz −5 dBm LO input signal. All of the channels were
enabled, but only one of them was probed. Simulated current
consumption of sub-circuits are listed in Table II. Both chips
have the same size of 2040 µm × 2520 µm. The 4TX chip
block diagram is presented in Fig. 2 and micrographs of the
manufactured chips in Fig. 3. The 4RX chip is similar except
that the PAs are replaced by LNAs and IQ modulators are
replaced by IQ mixers. The LO multiplication and distribution
network is identical on both chips.
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TABLE II
S IMULATED CURRENT CONSUMPTION OF THE SUB - CIRCUITS , INCLUDING
BIASING CIRCUIT CURRENTS

Fig. 3. 4TX (left) and 4RX (right) chip micrographs before solder bump
manufacturing.

Fig. 4. Two 4RX chips flip-chip mounted on the PCB.

The external 10 GHz LO is divided with on-PCB Wilkinson
power dividers to all of the chips to ensure a consistent
phase relation. The LO signal already contains the frequency
sweep generated using the PLL and the modulators in the
transmitters only shift it slightly in frequency. A times-six
frequency multiplier inside of each RF chip multiplies the
LO to 60 GHz frequency range and the multiplied LO is
distributed to each channel inside the chip with active power
dividers. Quadrature LO signals for IQ mixers are generated
by a two-stage RC polyphase filter and buffer amplifiers after
the polyphase filter compensate for its high loss. Transmitter
channels have an IQ mixer and PA driving an external antenna
on the PCB. Receiver channels consists of an external antenna,
on-chip LNA and IQ mixer.
Due to the inclusion of IQ mixers and modulators, the
architecture of the chips is general enough that it can be also
used for other modulation waveforms or even communication
purposes. Pads have the pitch of 200 µm. Solder balls are
deposited on the pads and the chips are flip-chip bonded
directly on the PCB (Fig. 4).
A. Frequency multiplier and LO division chain
An active balun (Fig. 5a) converts the single-ended LO
routed on the PCB to an differential signal needed by the doubler. The active balun design is based on [19]. The differential
signal is generated by a common emitter configured transistor
Q1 with equal valued resistors placed on both the emitter and
collector. Outputs taken from the emitter and collector are
180 degree out of phase. An emitter follower and differential
amplifier stage are used to make sure that the output signal

Circuit

Current [mA]

Active balun

9

Doubler

9

Tripler

9

Power divider

9

LO buffer

8

IQ mixer

27

IQ modulator

10

PA

38

LNA

9

level is high enough for the doubler regardless of the input
signal level. Current sources J1 and J2 are implemented with
current mirrors.
Doubler (Fig. 5b) is a cascode push-push frequency doubler
with an inductor load outputting 20 GHz signal to the tripler.
Q7 converts the single-ended output to differential mode. A
tripler (Fig. 5c) is a cascode amplifier with output inductors
tuned to amplify the third harmonic.
The active power dividers are differential cascode amplifiers
with two input transistors shared between the amplifiers.
Inductors are used for input matching and as the output load.
The output of the doubler has also a common mode component. A differential amplifier such as in [19] or a transformer
should be used to filter it out. As a result of not filtering the
common mode signal the differential signal phase offset is
not the ideal 180◦ , but according to simulation approximately
152◦ . However, after passing through the LO divider network
the differential phase offset is simulated to improve to 172◦ .
The phase offset decreases the image rejection ratio and
increases the LO leakage in the modulator.
A two stage RC polyphase filter is used to generate IQ LO
signals needed for both the modulator and mixer. The layout
was simulated in a 3D EM simulator (Fig. 6) to minimize the
parasitics affecting the output phase and amplitude balance.
The simulated phase imbalance is under 1◦ over the whole
design bandwidth. The insertion loss is around 12 dB and onestage cascode amplifiers are placed after the polyphase filter
to compensate for its high loss.
B. IQ mixer and modulator
The IQ mixer (Fig. 5d) is based on the differential Gilbert
cell topology. The two RF input transistors are shared between
the two switching quads to save current and chip area. The
transmission lines connecting the input transistors to switching
quads were simulated in an EM simulator as the division
balance directly affects the output IQ balance. Inductor emitter degeneration is used to improve the linearity. The two
emitter inductors are placed around the input inductors on a
lower metal layer sharing the same area (Fig. 7). Simulated
coupling between the inductors is −16 dB and is taken into
account in the input matching. The resulting layout size is
only 140×175 µm despite using four inductors. The simulated
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Fig. 5. Active balun (a), doubler (b), tripler (c), IQ mixer (d) and IQ modulator (e) schematics. Biasing details are omitted.






Fig. 6. 3D EM model of the RC polyphase filter.












/2)UHTXHQF\*+]



Fig. 8. Simulated polyphase, LO buffer and IQ modulator sub-circuit output
power for various harmonics with 35 mV IF modulation amplitude.

Fig. 7. 3D EM model of the four IQ mixer inductors. Bottom left side
connects to the input transistors.

conversion gain is 7 dB and input 1 dB compression point
−1 dBm with 400 Ω output load, which is approximately equal
to what is used in the radar system. The design is optimized
for high linearity to avoid compressing the receiver of the
radar when there are close objects and as a result current
consumption is rather high 27 mA. About half of the current
is used on the mixer core and the other half in the emitter
follower output buffers. 5 dBm LO power is used in the
system.
The IQ modulator (Fig. 5e) is based on the differential
Gilbert cell topology with two mixers for I and Q branch.
Switching quads are connected together and inductors are used
as the output load. Linearity is optimized by keeping the output
power level low and using a two-stage power amplifier after
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Fig. 10. 2D antenna array. TX array on bottom and RX on top.

Fig. 9. Simulated LNA S-parameters.

the modulator to amplify the signal.
The simulated output power of several harmonics of the
polyphase filter, LO buffer and IQ modulator combination
is plotted in Fig. 8. The LO frequency fLO is swept, while
IF frequency fIF is fixed to 1 MHz. Power of the output
harmonics fLO + nfIF is plotted for various indexes n. 35 mV
IF modulation amplitude was used, which is just before
the compression giving good output power without too high
harmonic power levels. The third harmonic is about at the
same level as the image frequency with this amplitude. The
modulator is simulated to be very wideband. In the system,
times-six multiplier chain’s output power drops at the edges
limiting the operational bandwidth.
C. LNA, PA and LO buffers
The LNA, PA and LO buffers are all differential cascode
amplifiers. The LNA and LO buffer are single-stage differential cascode amplifiers with an inductor load. The LNA has
a transformer balun on the input for converting the external
single-ended signal to differential mode and the PA has a balun
at the output. Simulated S-parameters of the LNA are plotted
in Fig. 9. The simulation includes an EM model for the flipchip connection and the input reference plane is on the PCB.
Compared to wirebonding, the flip-chip connection is very low
loss and has extremely good matching. The LNA has simulated
peak gain of 16 dB and noise figure of 6.3 dB including both
the balun and flip-chip transition losses. The PA is a twostage differential cascode amplifier with a transformer balun
at the output of the second stage. The output of the PA can
be disabled with an enable pin.
IV. R ADAR S YSTEM
The radar system is divided on two PCBs: RF board and
backend board. The RF board contains the 10 GHz PLL and
VCO for the LO signal generation, RF chips and the antennas.
There is one four-channel TX chip and two four-channel RX
chips for the total of four TX channels and eight RX channels.
Two different RF boards were manufactured with 2D and 3D
antenna configuration. The 2D antenna array is pictured in
Fig. 10. Array elements are four series fed aperture coupled
patch antennas for a narrower beam in the vertical direction.
The 3D EM simulation model of the antenna array is presented

Fig. 11. 3D antenna array. TX array on bottom and RX on top.

in Fig. 12. Microstrip lines feed the patch elements through the
H-shaped aperture etched in the ground plane. The antennas
were manufactured on Astra MT77 microwave laminate with
dielectric constant of 3.0 and loss tangent of 0.0017. The
thickness of the microstrip layer was 127 µm and the antenna
layer 307 µm. Cavity was milled through the rest of the layers
to remove the substrate on top of the antennas. The feed side
of the RX array is visible in Fig. 4.
The aperture fed design was selected due to the wider
bandwidth properties compared to a normal series fed array.
The simulated bandwidth of the aperture fed array is about
4 GHz with 10 dB return loss level. The simulated radiation
efficiency of the array is 0.8 and directivity of one series
fed array 12 dBi. Radiation pattern of one antenna element
is presented in Fig. 13. Transmitter and receiver antenna
arrays are placed parallel to each other. The system has good
resolution in the horizontal direction, but can’t distinguish
the target angle in the vertical direction. RX spacing is λ/2
and TX spacing 7λ/2. There are total of 32 virtual channels
with λ/2 spacing [20], but three of them overlap for testing
purposes and only 29 are used for the image formation. The
calculated angular resolution is around 3.5 degrees at the
antenna boresight.
The second RF board has transmitter and receiver antenna
arrays orthogonally, both with λ/2 element spacing (Fig. 11).
As a result the virtual antenna array is two-dimensional and
it can distinguish the target angle both in horizontal and
vertical directions. The calculated angular resolution is around
13 degrees in horizontal direction and 25 degrees in vertical
direction. The antenna elements in the 3D configuration are
aperture fed single patch elements. The simulated 10 dB return
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Fig. 12. 3D EM simulation model of the antenna array.
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Fig. 14. 4RX chip single-ended conversion gain as a function of the RF
frequency.

0
−20

135◦

270◦

225◦
180◦

Fig. 13. Simulated radiation pattern of four series connected aperture coupled
patch antennas.

loss level bandwidth of one element is 4 GHz, radiation
efficiency 0.92 and directivity 4 dBi. Angular resolution is
better in the horizontal direction since there are eight receiver
antennas in the horizontal direction and only four transmitter
antennas in the vertical direction.
Backend board contains Zynq-7020 FPGA with integrated
microcontroller for signal processing and digital control,
AFE5401 ADC chips for IF signal digitization and AD9959
DDS chips for TX modulation signal generation. TX signal
demodulation, filtering and decimation is done digitally in the
FPGA. The separated and filtered data is transmitted to PC
via Ethernet connection and the final radar image formation is
done on PC. The image is calculated with FFT based digital
beam formation. Ordinary laptop is able to display real-time
radar image at over sixty frames per second.
V. M EASUREMENTS
A. On-die measurements
4RX chip bandwidth was measured on a probe station by
sweeping RF and LO frequencies and measuring the mixer
output voltage single-endedly using oscilloscope. The LO
frequency was set in a way that the output IF frequency was
120 kHz, LO power was fixed at 0 dBm and RF power at
−21 dBm. A signal generator was used to generate the LO
signal and a VNA the RF signal. VNA output power was
calibrated to the end of the 1.0 mm coaxial cable connected
to the GSG probe with the VNAs internal power calibration
routine and external Keysight V8486A power detector. The
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Fig. 15. 4RX chip single-ended conversion gain as a function of the RF
power.

estimated probe loss of 1 dB was subtracted manually. Output
was measured using a high impedance oscilloscope singleendedly from one of the four IQ output pads. Due to the
differential output, the output voltage is two times larger
in the system and conversion gain 6 dB higher than in this
measurement. The IF amplifier input impedance in the radar
system is also several hundred ohms. The measured conversion
gain 20 log10 (VIF /VRF ) is plotted in Fig. 14. The designed
operating band of 57 – 64 GHz is shaded in the plot.
There is some gain roll-off in the operating band. Its effect
on the system performance should be minor as there is enough
gain at the edges and thus the IF amplifier noise should not
dominate. Roll-off results in slight amplitude decrease as a
function of time in the IF signal as the RF is swept, but this
shouldn’t have any major effects in the FFT spectrum of the IF
signal besides lowering the amplitudes. In our opinion it can
be thought as very gentle unsymmetric windowing function
on the data that slightly modifies the resulting sidelobes. The
measurement bandwidth is also 3 GHz in which the roll-off is
not very large.
The receiver compression on-die measurement results are
presented in Fig. 15. The measurement was done with 60 GHz
RF frequency and 120 kHz IF frequency. The output was
high impedance similar to the conversion gain measurements.
The simulated 1dB input compression point of the receiver
is −20 dBm and the measured compression point is slightly
lower around −24 dBm.

7

2XWSXWSRZHUG%P










WKPHDV
WKPHDV
WKPHDV
WKVLP
WKVLP
WKVLP




 
/2IUHTXHQF\*+]





Fig. 17. Two corner reflectors and the radar. Distances from the radar are
2.3 m and 1.9 m. Distance from between the corner reflector is 80 cm.

Fig. 16. 4TX chip output harmonics as a function of the LO frequency.

B. 2D array image formation measurements
Phases and amplitudes of the receivers are calibrated from
a single point target measurement. Phase and amplitude
correction factors are determined such that the point target
measurement gives an image of a point target at the correct
angle. Antenna coupling correction [21] could be used to
decrease the sidelobes, but has not been done at this time.
Two corner reflectors were measured with the 2D RF
board in an anechoic chamber. The picture of the scene is
in Fig. 17 and the radar image in Fig. 18. Radar parameters
for the measurement are listed in Table III. Hamming window
is used in the range direction and no window function is
used in azimuth direction. No averaging is used in any of
the measurements, all the data is from a single 500 µs long
sweep. The targets are widely separated both in range and
azimuth angle directions. Azimuth cross section of both corner
reflectors is shown in Fig. 19. The nearest sidelobes for the
off-center reflector are around −11 dB and the farther ones
−20 dB. −3 dB angle resolution of the reflector at zero angle

Range (m)

2.5
2.0
1.5

J [dB]

1.0

−15

−50

0
Azimuth (◦ )
−10

50

−5

0

Fig. 18. Radar image of the scene in Fig. 17.

from the measurement is 3.3◦ . The range cross section of the
image in the zero azimuth angle is shown in Fig. 20. The
−3 dB width of the peak is 6.6 cm.
The photograph of the measured scene with three persons
on the foreground and a large pillar on the background is
presented in Fig. 21. On the left side just outside the image
there are two tables and several chairs around them. The
radar image of the scene is presented in Fig. 22. The system
parameters used for the measurement are listed in Table III.
During the image formation the Hamming windowing function
is applied in the range direction and −25 dB sidelobe level
Taylor window in the azimuth direction. The Taylor windowing function slightly degrades the angular resolution, but
improves the sidelobe level allowing the image to be formed
0
Relative magnitude (dB)

The simulated 1/f noise corner of the receiver is approximately 20 kHz and the simulated noise figure at 60 GHz is
6.5 dB with LNA noise dominating the mixer.
Output power characteristics of the 4TX chip was measured
on-die with MS2760A spectrum analyzer. One of the IQ
modulators was biased to pass the LO by applying a DC
voltage to the IF pads using DC probes. The output was
probed with a GSG probe attached to the spectrum analyzer
via 25 cm long 1.0 mm diameter coaxial cable. The absolute
power was calibrated at the end of the coaxial cable using
a Keysight V8486A power detector. GSG probe and cable
insertion losses of approximately 4 dB were subtracted from
the measurements. LO power was set to 0 dBm and the LO
frequency was swept. Fifth, sixth and seventh harmonics of
the LO frequency were measured using spectrum analyzer,
the other harmonics are outside of the operating band of the
most subcircuits and are not plotted. The results are plotted in
Fig. 16. Inside the designed operation band of 57 – 64 GHz
(shaded in the figure) the harmonics are less than −35 dBc.
As the LO frequency goes further from 10 GHz fifth or sixth
harmonic is closer to the operation band and exceeds the power
of the sixth harmonic.

3.0

−5
−10
−15
−20
−25
−30

−50

0
Azimuth (◦ )

50

Fig. 19. Azimuth cross sections of the corner reflectors.
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TABLE III
M EASUREMENT PARAMETERS

Magnitude (dB)

40
30

TX power per channel

20
10
0
−10
1.5

2.0

2.5
3.0
Distance (m)

3.5

4.0

Fig. 20. Range cross section of the corner reflectors at zero angle.

3 GHz

Sweep center frequency

59 GHz

Ramp duration

500 µs

TX modulation frequencies

1, 2, 3 and 4 MHz

ADC sampling frequency

10 MHz

TX modulation signal amplitude

79.5 mV
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Approx. 7 dBm
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Fig. 23. Measured IF signal of a large target with modulator biased on.



with higher dynamic range. Different targets are well separated
in the generated image.
C. 2D array system measurements
The modulation frequencies are chosen in the measurements
such that the image frequencies don’t overlap with the other
transmitters. As a result, image rejection doesn’t affect the
measurement results, but the image half of the IF bandwidth
is left unused. Image rejection is also needed for some more
complex modulation signals. The receiver IQ balance was
measured with the radar system by pointing the radar at a
large object, ceiling 2.3 m away in this case, and comparing the
positive and negative frequency components of the IF signal.
Ideally with perfect IQ balance only the negative frequency

Fig. 22. Radar image of the target scene.

,)PDJQLWXGHG%

Fig. 21. Scene being measured. Radar is visible on the bottom right.
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Fig. 24. Measured harmonics at IF with different modulation voltages.

component would exist but due to mismatches positive frequency component also exists. One of the IQ modulators was
biased to pass the LO and no modulation signal was applied.
Other three transmitters were disabled. System parameters
were the same as in Table III. The measured IF signal is plotted
in Fig. 23. The Y-axis in the plot is magnitude of the IF signal
voltage after signal processing with 0 dB corresponding to fullscale sine wave at the ADC input. The expected response from
the ceiling is visible as a peak at −92 kHz and the image is
smaller peak at 92 kHz. The measured receiver image rejection
ratio from the difference of the peaks is 24.4 dB. The measured
phase imbalance is 3.85◦ and the amplitude imbalance 0.8 dB.
Image rejection ratio can be further improved by correcting the
IQ balance digitally.
For good system performance it is important to keep modulator harmonics low as harmonics can overlap with frequency
bands of the other transmitters. Overlapping harmonics affect

9

0.10
Angle (degrees)

IF magnitude (dB)

0.15

TX enabled
TX disabled

−20
−40
−60
−80

0.05
0.00
−0.05
−0.10

−100
−5 −4 −3 −2 −1 0
1
2
Frequency (MHz)

3

4

5

0

2

4
6
Time (s)

8

10

Fig. 25. Measured IF signal spectrum.

Fig. 26. Measured phase of a target as function of time. The mean value is
subtracted.

the measured phase and amplitude causing sidelobes in the
radar image. Harmonics were measured using the same setup
as the RX IQ balance with the whole radar system. Several
measurements were taken of the ceiling at different modulation
voltages using one transmitter and one receiver with the other
transmitter channels disabled. Modulation frequency fmod was
set to 1 MHz. The results of the largest harmonics are plotted
in Fig. 24. The expected response would be on frequency
fmod + ftarget , but due to non-linearities there are other signals
of the form nfmod + ftarget for n other than 1. The plot
shows the harmonic signal magnitude relative to the desired
signal magnitude as a function of harmonic index n. Around
40 mV the modulator starts to saturate and the higher order
harmonics start to increase. Image rejection and LO leakage
are relatively poor at the lower modulation voltages, but
improve as the modulation voltage increases. In the receiver
LO leakage results in targets response near DC similar to
normal FMCW radar without transmitter modulation. With all
transmitters having non-zero modulation frequency, the LO
leakage response does not overlap with any of the transmitter
responses and doesn’t affect the system performance. If the
LO leakage was very low, one transmitter could be transmitted
without modulation allowing more IF bandwidth to be used.
Measured IF spectrum of one receiver is plotted in Fig. 25
with all transmitters enabled and disabled. The signals from
four transmitters are at -1, -2, -3 and -4 MHz. The LO
leakage response is near DC and image signals are at the
positive frequencies. Large spikes can be seen exactly at
the modulation frequencies caused by TX to RX leakage
from backwards radiation of the aperture coupled antennas
reflecting from the PCB behind them. The spike at 0 Hz is
caused by the DC offset at the ADC input and DC output level
variation of the receiver during the sweep. Responses from the
targets can be seen going towards the negative frequencies with
increasing range. With transmitters and modulators disabled
the transmitted power is attenuated by approximately 40 dB,
which is still enough to see some responses from large targets
near 0 Hz.
Since receiver mixes to a delayed copy of the transmitted
signal, the common phase noise correlates at short target
distances [18]. Transmitter modulation signals correlate to the
ADC sampling clock because both DDS and ADC use the

same input clock. The correlated phase noise is canceled,
but there is some uncorrelated phase noise from the circuits
after the LO division. The noise floor doesn’t increase as the
transmitters are enabled which means that the uncorrelated
phase noise is below the thermal noise floor and the system
is not limited by the phase noise.
D. 2D array phase accuracy measurement
Accurate phase measurement is useful in measuring very
small movements of a target, for example in determining
hearbeat and breathing rate of a human from the displacement
of the chest. Frequency multiplexing has advantage over time
multiplexing for measuring phase since all the channels are
measured at the same time. The backend is carefully designed
to synchronize all signals to the same clock resulting in very
good sweep-to-sweep repeatibility limited only by the noise
floor. During the measurement radar was resting on a table
pointed towards a ceiling 1.9 m away. 5 GHz bandwidth and
1 ms long sweep was transmitted at 100 Hz sweep repetition
interval. Signal-to-noise ratio of the target in a single sweep
is approximately 70 dB. An image was formed of each sweep
and the phase of the target bin was plotted in Fig. 26. Plotting
the distribution of sweep-to-sweep phase differences results
in a normal distribution (Fig. 27) with a 0.032◦ standard
deviation corresponding to 220 nm distance.
In theory the standard
√ deviation of sweep-to-sweep phase
difference should be 2 × 10(−SNR/20) assuming there is no
correlation in the noise between two sweeps [22]. 70 dB SNR
should give 0.026◦ standard deviation which agrees relatively
well with the measurement.
E. 3D array measurements
Measurements with 3D array were made in anechoic chamber with two corner reflectors at different azimuth and inclination angles and slightly different distances (Fig. 28). The
hamming windowing function is used in the range direction
and no windowing function is used in the angle directions.
2D plots were made from the 3D data by collapsing the
missing axis using maximum operation. The same measurement parameters were used as in the 2D array measurements
(Table III). The measurement of the scene using 3D board
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the radar system. The total number of transmitter and receiver
channels in the system can be scaled independently with
the number of the chips. Operation with four simultaneous
transmitters and eight receivers was demonstrated with two
different antenna arrays for measuring 2D and 3D location of
the targets. Measurement results were presented from anechoic
chamber and from indoors with human targets.
Future applications for the radar system include simultaneous vital sign measurements of multiple people. The radar
system presented here is very well suited for such a task,
as it provides the range and angular resolution for separating
many targets even in small spaces as well as excellent phase
stability, which enables the measurement of micromotion with
high accuracy.
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Fig. 27. Distribution of the sweep-to-sweep phase differences.
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Fig. 28. Scene being measured with two corner reflectors. Distances to the
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horizontal separation 30 cm.
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