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Abstract—The first 77 GHz frequency modulated continuous
wave (FMCW) radar transceiver IC with an accurate FMCW
chirp signal generator using a 90 nm CMOS process is presented.
To realize accurate FMCW radar system in CMOS, a PLL syn-
thesizer based FMCW generator with chirp smoothing technique
that is able to output linear FMCW frequency chirp using a
nonlinear reference chirp signal supplied from a low spec/cost
digital-oriented frequency reference is applied. The fabricated
IC consists of an LNA, a down-conversion mixer with an output
buffer, a driver amplifier, a power amplifier with power combiner,
an LO distributer and an FMCW synthesizer. The measured
FMCW signal from the proposed FMCW generator achieves
93 kHz frequency error (nonlinearity) at the 77 GHz chip signal.
Radar performance of the IC has less than 1% ranging error from
1 m to 8 m distance from the measurement in a laboratory. These
results show the transceiver achieves a fundamental function for
radar applications with 520 mW power consumptions.

Index Terms—Chirp radar, CMOS integrated circuits, FMCW,
millimeter wave circuits, transceiver, 77 GHz circuits.

I. INTRODUCTION

77 GHz radar application is suitable for measuring dis-

tance for various purposes owing to its narrow beam ra-

dius. In order to realize consumer radar/ranging applications
for Intelligent Transportation System (ITS), a low-cost 77 GHz
transceiver (TRX) is desired. A TRX using low-cost standard
CMOS process instead of compound semiconductor or Si-Ge
BiCMOS process is expected to be one of solutions capable of
satisfying this demand in view of its suitability for high inte-
gration such as system-on-a-chip and the possibility of 77 GHz
TRX in CMOS technologies is shown in recent research [ 1]—[3].
There are several ranging methods such as a pulse-radar,
UWB radar and a frequency modulated continuous-wave
(FMCW) radar [4]-[6]. Pulse radar and UWB radar require
high peak-to-average power ratio (PAPR) or wideband opera-
tion to output short pulse signal or wideband spread spectrum
signal. It is serious issue to manage with CMOS technology
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Fig. 1. FMCW radar transceiver.

because the CMOS, unlike a compound semiconductor or a
Si-Ge BiCMOS process, cannot be applied high supply voltage
for obtaining high-power output signal and also it has lower
maximum available gain (MAG) at millimeter-wave band for
achieving wideband operation. On the other hand, the FMCW
radars, that use only frequency modulation, require lower PAPR
and moderate bandwidth than those required by other ranging
methods. Therefore, the FMCW radar is a possible candidate
for realizing a CMOS radar IC.

Fig. 1 shows an FMCW radar TRX. An FMCW signal whose
frequency is modulated in a triangular shape with time is gener-
ated by an FMCW signal generator. A transmitter (TX) ampli-
fies the FMCW signal and radiates the signal via a TX antenna.
Then, the radiated signal reaches the target located at a distance
R from the TRX and the target reflects a portion of the signal
back to the radar TRX. The reflected signal is input to the re-
ceiver (RX) via an RX antenna. The received signal is amplified
and mixed with a local oscillation (LO) signal generated from
the same FMCW generator used for the TX. Since the round-trip
time of flight (TOF) of the signal is 2R /c, where c is the speed
of light, the frequency difference between the received signal
and the LO signal, which results in the frequency of the mixer
output ( fpeat), is related to the TOF (Fig. 1). Then, the distance
can be obtained by frequency detection such as a fast Fourier
transform (fft). Since the frequency difference is determined by
a frequency chirp ratio of the FMCW signal, a highly linear fre-
quency chirp is required to avoid degradation of ranging accu-
racy [7].

The first 77 GHz FMCW radar TRX IC fabricated in 90 nm
CMOS process that applies a phase-locked-loop (PLL)-based
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Fig. 2. Chirp linearization using a PLL with DDFS frequency reference.

linear FMCW generator is presented [8]. This paper is orga-
nized as follows. Section II identifies design issues concerning
realization of linear FMCW signal in CMOS IC and shows a
proposed low-cost and low-power-consumption FMCW gener-
ator and results of numerical analysis. The design of the devel-
oped 77 GHz receiver and transmitter is presented in Section III,
which is followed by the presentation of TRX measured results
in Section IV. Conclusions are presented in Section V, the final
section of this paper.

II. 77 GHz FMCW SIGNAL GENERATOR

A. Issues Concerning a CMOS IC for FMCW TRXs

In general, a 77 GHz voltage-controlled-oscillator (VCO) in
CMOS is nonlinear with respect to the input frequency control
signal owing to nonlinear devices such as a varactor diode of
the VCO. A look-up table-based nonlinearity compensator for
the VCO achieves linear frequency sweep. However the look-up
table should be refreshed for the frequency drift with a tempera-
ture variation or other disturbance and the method cannot com-
pensate fast frequency variation caused by unwanted load vari-
ation or disturbance. Delay line-based compensator generates
linear frequency sweep by picking up the frequency variation
ratio using a delay line and a mixer [9]. However, long delay
line, which is hard to integrate in CMOS IC, is needed.

In the CMOS 77 GHz radar TRX, the PLL-based FMCW
signal generator is used because a PLL can compensate the
VCO nonlinearity by its feedback manner. A PLL using low
frequency and accurate chirp FMCW reference signal gener-
ated by a direct digital frequency synthesizer (DDFS) is suit-
able for CMOS because the DDFS can be integrated in CMOS
IC [10], [11]. Fig. 2 shows the block diagram of the PLL-based
FMCW generator. Phase frequency detector (PFD) detects the
phase/frequency difference between the output signal and ref-
erence signal, charge pump (CP) outputs source and drain cur-
rent according to the polarity of the output of the PFD, the loop
filter (LF) filters out the high frequency components and divider
(DIV) output the frequency divided signal of the VCO output.
The nonlinearity of the CMOS VCO is compensated by locking
with an accurate frequency reference signal from the DDFS.

The frequency chirp of the reference signal has discrete stair-
like shape. Required performances of the DDFS, such as clock
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Fig. 3. Specification of an FMCW output frequency.

frequency (f.c) and frequency control word length (W) cor-
responding to the phase resolution, can be determined by the
refresh time of the frequency variation and the minimum fre-
quency step. Fig. 3 shows a specification of the FMCW fre-
quency chirp. In the case that the required ranging accuracy is
1 m, which corresponds to the TOF of 6.7 ns, the output fre-
quency should change in 6.7 ns and the frequency variation in
this time is 16 kHz. With regard to the reference signal, the
DDFS should also change the output frequency in 6.7 ns. Hence,
the minimum f. should be higher than 150 MHz. And this
means the maximum output frequency of the DDFS is 75 MHz,
which is equal to the Nyquist frequency of the f.. In order
to divide the 77 GHz output signal into 75 MHz reference fre-
quency, the division number of the PLL is assumed to be 1024.
This results in the required frequency resolution for the DDFS
of less than 16 Hz.

Since the frequency resolution of the DDFS is determined by
fene/ 2W both 150 MHz f.; and 24 bit W are needed for the
FMCW frequency reference signal for the PLL. Such a high-
speed and high-resolution DDFS requires high-power consump-
tion over 100 mW and 1 mm? area including digital to analog
converter (DAC) for DDFS output [12], [13]. Thus, a PLL that
generates a linear FMCW signal even using a rough and low-res-
olution discrete stair-like frequency reference signal generated
from low-spec DDFS that can be easily achieved in CMOS is
desired to realize low-cost FMCW TRX for commercial radar
applications.

B. Design of a CMOS FMCW Generator

Fig. 4 shows the proposed PLL for the FMCW radar. Rough
stair-like time-domain frequency variation from the low-spec
DDEFS is converted to the time-domain voltage variation at the
output of the charge pump of the PLL. Therefore, the low-pass
loop filter (LF) can smooth the stair-like voltage variation, and
the non-stair-like voltage signal is supplied to the VCO. Then,
the output frequency variation of the PLL is smoothed into linear
chirp. As shown in Fig. 4, a cut-off frequency of the PLL transfer
function ( fprr) should be lower than 1/At, which is the refresh
rate of the low-spec DDFS, to suppress the spurs at 1/A¢ that
cause sinusoidal nonlinear frequency chirp at the output. The
fpLL should also be much higher than 1 /7 to create a triangular
shape for FMCW signal. Therefore, a linear FMCW chirp signal
can be generated by satisfying the inequality, 1/T < fpr1, <
1/At. For further relaxation of f. and W of the DDFS, the
reference signal is generated from a single-sideband mixer and
a CW signal generator (crystal oscillator) as shown in Fig. 4.



930

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 45, NO. 4, APRIL 2010

frequency voltage
variation variation
SSB mixer 77GHzVCO
DDFS ~ CP | LF
fclk =1.2 MHz
W =8 bit
DIV
Carrior/ N
CWgen. (XO) (1/N)
gain
N
" { N
N $
s \ 1
N S -
» freq. variation period
1/T I 1/At
PLL ref. PLL ouput PLL ref. PLL ouput
PLL ref. PLL ouput
5 AT Sl f
t t t
Fig. 4. Block diagram of the proposed PLL-based FMCW generator.
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Fig. 6. Calculated FMCW output chirp of the proposed FMCW generator with
low-spec DDFS.

PLL. The calculated output chirp of the PLL is shown in Fig. 6.
Though the chirp overshoots at the turning point of the triangular
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Fig. 8. Calculated radar output spectrum for a target located 10 m using the proposed FMCW generator (a) with smoothing function and (b) without smoothing

function.

shape, the transition time is not long and the time can be ne-
glected at the received signal processing. The output frequency
error of the chirp is shown in Fig. 7. The chirp has sinusoidal
nonlinearity whose error amplitude is 40 kHz at 77 GHz output.
An FMCW radar output signal that has sinusoidal nonlinearity
is

_ fa fa s Ja
sp(t) =co cos 27r[<fc~|— 5 TOF+ 5T (TOF)*— TTOFt
ApAt _ -
+ 5 {cos2r At 1 (t—TOF)—cos2rAt 't} | (1)
T

where ¢ is the amplitude of beat signal, f. is the carrier fre-
quency of the FMCW signal, f; is the frequency deviation of
the chirp and A,, is the magnitude of the sinusoidal nonlinearity
(peak of the spurs at 1/At) [7]. Fig. 8(a) shows the calculated
radar output signal using (1) for a target at 10 m. The spurs that
appear at fpe.: + 1/At are suppressed to 40 dB lower than de-
sired beat signal at f.q;. The ranging resolution (standard devi-
ation o) is also calculated from sinusoidal nonlinearity mag-
nitude as [14]

@)

The result shows 46 cm resolution can be obtained for R =
100 m. If the PLL does not have a smoothing function, the
output chirp has very large, 3 MHz, error magnitude and the
radar output signal for the same target becomes as shown in
Fig. 8(b). The spurs are 30 dB larger than the previous case and
the resolution is much more degraded.

III. TRX BUILDING BLOCKS

The RX consists of an LNA, a down-conversion mixer and an
output transimpedance and buffer amplifier as shown in Fig. 9.
An LNA is needed to have sufficient gain for the receiver. How-
ever, nMOS transistors which we used have MAG of about 4 to
5 dB at 77 GHz, which is not sufficient to achieve desired gain
with single stage amplifier. Furthermore, insertion loss of the
passive components such as transmission lines (TLs) degrades
the amplifiers gain. Thus, the LNA has five cascade amplifiers
to achieve sufficient gain as shown in Fig. 10(a). Each cascade

RX
A
LNA  Down converter
RX ﬁ 7N Baseband
. beat) signal
input )—L]E > ( >< ) > ( ou)tpugt
Freq. ref.
input
TX
output

77GHz FMCW
generator (PLL)

t= Power combiner/Balun

Fig. 9. Block diagram of the fabricated TRX IC.

amplifier has grounded coplanar TLs used as matching and load
circuits both to avoid influences of lossy substrate and to sup-
press leakage signals from the TX circuit on the same die. As
explained before, the IC is fabricated by using a standard CMOS
process which does not have special thick copper layer. There-
fore, a top aluminum layer for pads is used for the signal line to
achieve lower insertion loss and 50 {2 characteristic impedance
(Zo). The insertion loss of the TL at 77 GHz is about 1.4 dB/mm
in our design.

The LNA employs differential circuitry to avoid the influence
of the complicated parasitic element networks at the ground and
common nodes such as a power/bias supply [15] and each am-
plifier’s input and output differential impedance is matched to
100 €2. In order to obtain higher gain with lower current con-
sumptions, a bias current density per gate width of the transis-
tors is selected to 250 pA /pm which can obtain highest MAG
of the nMOS transistors from the measured results. Since a gen-
eral high gain/narrow beam antenna for radar applications is a
single-ended input and output terminal, an on-chip TL-based
Marchand balun is used at the input of the LNA to convert a
single-ended signal from the 50 €2 output impedance of antenna
to a differential signal of 100 2 LNA input. The measured gains
of the LNA with and without balun are 14 dB and 16.3 dB, re-
spectively. The current consumption of the LNA is 45 mA.

A down-conversion mixer consists of adouble-balanced mixer
using a common-gate circuit for the input stage to obtain wider
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bandwidth as shown in Fig. 11. The common source node of the
switching pair of the mixer is connected to a current source to
drive the switching pairs easily with small LO signal amplitude.
The output power of the synthesizer is estimated about —12 dBm
from the measured result and the power gain of the LO distri-
bution circuit with two-stage common-source buffer amplifier is
2 dB from the simulation result. Thus, the LO input power for the
down-conversion mixer (including a single stage LO buffer am-
plifier) is assumed to be around — 10 dBm. Fig. 11 shows the sim-
ulated results of the normalized conversion gain variation with
LO input power. The conversion gain with current source (boost)
is saturated around —10 dBm LO input power which is much
lower than the case without boost. TLs (inductances) are con-
nected between the common-source of the switching pair and
the current source in order to cancel the parasitic capacitances
to achieve higher conversion gain [15].

The TX block has a power amplifier (PA) and a driver am-
plifier (DA) as shown in Fig. 9. Fig. 12 shows the PA consists
of 2 differential common-source amplifiers and a power com-
biner. The Marchand balun based power combiner, which con-
sists of A/4 of the 77 GHz signal length TL based coupling
line, is used to achieve differential to single-ended transforma-
tion, power combining of two amplifiers output and impedance
transformation from the PA output impedance to 50 €2 for ex-

-10 -5 0
LO input power [dBm]

ternal antenna input impedance [17]. Fig. 12 shows the struc-
ture of the Marchand balun based power combiner. The output
of the single-ended signal of each balun is in-phase. As a result,
the output power of the combiner is ideally equals to twice the
power of each PA. In order to obtain required coupling factor
for the balun, the secondary line is placed between two primary
lines as shown in Fig. 12. The architecture of the DA is the same
as that of the LNA circuit to achieve sufficient gain from the syn-
thesizer output and LO distribution circuitry.

A 77 GHz VCO consists of an nMOS cross-coupled pair with
a resonator using a TL and accumulation-mode varactors. As
shown in Fig. 13, wider metal compared to the 50 Q2 TL used
for other circuit blocks is applied to reduce insertion loss and to
achieve higher Q. The TL has 38 ) Z, 120 um length. Since
the TL is connected between the differential output nodes, the
TL works as an inductor whose inductance is about 30 pH. The
resonating capacitance including the parasitic capacitances at
the output nodes is designed to have the value from 135 fF to
145 {F and the resonance frequency is designed to have around
77 GHz with 1 GHz variation under the control voltage from
0.2V to 1.0 V. A prescaler for 77 GHz is an injection-locked fre-
quency divider [15], [16]. Measured PLL locking range is about
800 MHz around 78 GHz and the phase noise is —85 dBc/Hz at
1 MHz offset as shown in Fig. 13.
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The output signal from the PLL is distributed to both the
RX LO buffer connected to the mixer and the TX buffer am-
plifier connected to the DA. Fig. 14 shows the distribution net-
work. The buffer amplifiers are connected to the PLL simply via
TLs with Z¢ = 50 2 to reduce chip area and insertion losses.
Since the RX and TX buffer circuits are the same architecture,
the impedance matching and accurate power distribution are
achieved simultaneously using the same matching circuit and
distribution TLs.
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Fig. 15. Micro-photograph of the fablicated radar transceiver IC in a 90 nm
CMOS process.

IV. MEASURED RESULTS

Fig. 15 shows a die photograph of the fabricated radar TRX
IC using 90 nm CMOS process. The chip size including pads
is 3.50 x 1.95 mm?2. The fabricated IC is measured on a probe
station and the frequency reference signal for the on-chip PLL
is generated by using an arbitrary waveform generator as shown
in Fig. 16. The frequency reference signal that is assumed to
be an 8 bit/1.2 MHz DDFS is generated and the signal is con-
verted to analog signal by 8 bit DAC. The output signal of the
DAC is up-converted to 77 MHz carrier signal using SSB mixer
and 77 MHz CW signal. The measured output spectrum of the
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Fig. 17. Radar measurement using a external antenna and fabricated radar
transceiver IC.

TX is shown in Fig. 17. The spectrum that has 614 MHz band-
width is achieved from a 600 kHz bandwidth frequency refer-
ence signal and N = 1024 division PLL. Note that the Fig. 17 is
a photograph of the display of the spectrum analyzer. Although
the measurement was done by 20 ms sweep time that is shorter
than FMCW chirp period, the image of previous sweeps is re-
mained. Therefore, the spacing of the spectrums in Fig. 17 is not
uniform.

Frequency chirp is also measured by using an external
down-conversion mixer and a signal source analyzer. Fig. 18
shows a measured time-domain frequency chirp of the TX
output. The result shows a linear frequency chirp is achieved
even using a low-spec rough stair-like frequency reference
signal. The FMCW frequency error (sinusoidal nonlinearity)
is extracted by subtraction of an ideal FMCW frequency chirp
from measured FMCW frequency chirp. The time-domain
frequency error is shown in Fig. 18, indicating that the stan-
dard deviation of the error magnitude of 1.05 MHz appears at
any time. In order to extract sinusoidal nonlinearity from the
measured results, the time domain frequency error variation is
converted to frequency domain by using fft. Fig. 19(a) shows
the output frequency error at the reference signal in frequency
domain. Large spur appears at 400 kHz, which is equal to
1/At, caused by stair-like frequency chirp from low-spec
DDFS. Since the phase noise of the arbitrary waveform gener-
ator is not sufficiently low, the frequency reference signal has
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Fig. 18. Measured output frequency chirp and time-domain frequency error to
an ideal FMCW chirp.

flat frequency error like white noise. This results in large fre-
quency error at the transmitted signal as shown in Fig. 18. The
noise can be reduced by using more accurate low-frequency
DAC for the DDFS output and low phase noise CW generator
such as a crystal oscillator. Fig. 19(b) shows the frequency
domain error magnitude of the transmitted signal. Even though
the white noise in the reference signal is multiplied 1024 times,
the spur at 1/At is suppressed by using the proposed PLL. The
sinusoidal error magnitude that corresponds to the magnitude
of the spur at 1/At is 93 kHz. According to (2), the ranging
resolution is about 1 m for a target located at 100 m distance.
Note that the cut-off frequency and the peaking property of
the PLL transfer function of the fabricated IC is not same to
the estimated result as shown in Fig. 5 due to variation of the
loop filter components (resistance and capacitance) and the CP
current.

Ranging performance of the fabricated TRX IC is measured
by using external 20 dBi horn antennas. Ranging measurement
for the fixed target is done with the setup as shown in Fig. 20.
The output signal of the TRX is radiated to the ceiling at
2.8 m distance and the reflected signal is input to the receiver
antenna. Fig. 21 shows a spectrum of the received signal. The
peak of the spectrum is located at 46 kHz, which corresponds
to 2.8 m for the fabricated FMCW radar. Spurs at 46 kHz
+ 400 kHz (1/At) arise owing to the nonlinearity of the
FMCW frequency chirp is less than 30 dB (the same level
as the floor noise). Note that the spectrum around 86 kHz is
double-reflected signal by the probe station. The distance for
86 kHz is shorter than 2.8 m x 2 because the path does not
include the cable between the antenna and the IC in the first
reflection path.

The radar performance is also measured using a small metal
reflector target with various distances and the measured distance
is shown in Fig. 22. The standard deviation of the error for each
measurement is less than 1% for a target at from 1 m to 8§ m.
Note that we have no velocity data because we do not have a
moving target.

The performance of the 77 GHz TRX is summarized in
Table II. A ranging distance with a certain detection proba-
bility and false alarm ratio can be estimated by signal-to-noise
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Fig. 20. Radar measurement using an external antenna and fabricated radar
transceiver IC.
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Fig. 21. Measured output spectrum that is corresponding to the target distance
for the target located at 2.8 m.

ratio (SNR) of the received signal [4]. The received power is
estimated from the radar equation [4]

_ PGiG N0

F= 3)

where P, is the output power of the TX, Gy and G, is the antenna
gain for input and output, A is the wavelength of the 77 GHz
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Fig. 22. Measured distance for a target located 1 m to 8 m distance.

TABLE II
PERFORMANCES OF THE RADAR TRANSCEIVER IC

Synthesizer operating frequency [GHz] |78.1-78.8
Synthesizer output power [dBm] -13
Synthersizer phase noise (1MHz offset) [dBc/Hz]| -85
Synthesizer power consumption (1.2V Supply) | [mW] 101
TX ouput power [dBm] -2.8
TX power gain [dB] 14
TX power consumption (1.2V Supply) [mW] 305
RX power gain [dB] 23.1
RX noise figure (single side band) [dB] 15.6
RX power consumption (1.2V Supply) [mW] 111

signal and o is the reflection cross section of target. The SNR is
calculated from the received power at the RX input, noise figure
of the RX and the resolution of the fft at baseband DSP. The
receiver SNR (SNgx) in ideal environment is calculated by

P,
KT - NF - ffft/pﬂt'

For achieving the detection probability of 99% and the false
alarm ratio of 10~ 1%, 16 dB of SNgx is required [4]. In order to
estimate the SNgx of the fabricated TRX IC, the parameters in
Table I1T are used for the variables in (3) and (4) and & of 10 m?
is used assuming a small car target [18], [19]. The calculated

SNgrx =

“)
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TABLE III
ESTIMATED LINK-BUDGET OF THE FABRICATED IC

PA output power P, [dBm] -2.8
TX antenna gain G, [dBi] 20
RX antenna gain G, [dBi] 20
Wave length A [mm] 3.9
Reflection cross section | o [m2] 10
Distance R [m] 107
Receiver NF NF [dB] 15.6
fft Nyquist freq. fire | [MHz] 2.0
fft points Prit 4096
RX Input noise kT |[dBm/Hz]| -173.8
RX Input power P, [dBm] | -115.1
RX S/N SNgrx| [dB] 16.17

result shows 16 dB SNgx is obtained for R = 107 m. Note that
the fft period is longer than that of FMCW chirp (4096 points
for 2 MHz Nyquist frequency) in order not to degrade the SNgx
from fft resolution.

V. CONCLUSION

The first CMOS radar TRX IC using a PLL capable of
generating linear FMCW frequency chirp with low-spec
DDFS is presented. The transceiver employs a PLL capable
of smoothing nonlinear stair-like reference frequency signal
generated by low-spec DDFS. The measured results show that
the chirp nonlinearity of the output signal from the transmitter
is 93 kHz for 614 MHz bandwidth with 77 GHz band carrier.
The fabricated IC shows less than 1% ranging error for 1 m to
8 m ranging measurement and the estimated maximum ranging
distance for 10 m? (small car) reflection cross section target
in ideal condition is 107 m. These measured results show the
TRX IC achieves fundamental performance for FMCW radar
applications.
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