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A 19-GHz low-phase-noise PLL-frequency synthesizer is presented in
this letter that is intended to be used in a K-band FMCW radar which
requires strict phase noise for detecting a small unmanned aerial ve-
hicle. The 17.9 to 19.5-GHz PLL includes a Darlington cross-coupled
capacitive-degeneration VCO which presents higher maximum attain-
able oscillation frequency (fians) and larger negative transconductance
(gm), thus resulting in low phase noise. Manufactured using the SiGe
BiCMOS process, the K-band synthesizer demonstrates —114 dBc/Hz
at 1 MHz offset and —138 dBc/Hz at 10 MHz offset from 19.456 GHz
locking carrier frequency.

Introduction: Military or private sector has used unmanned aerial vehi-
cles (UAVs) for surveillance and spy since the 1950s, and made much
effort on implementing smaller radar cross section (RCS) of them which
renders it difficult, specifically, for micro UAVs with —20 dBm RCS to
be detected [1]. Detection of a puny UAV does necessarily accompany
various interferences resulting from multipath effect and clutters sur-
rounding it, which have been resolved by employing linear-distributed
micro Doppler features [2]. The FMCW radar has been widely used to
measure range as well as to extract velocity from Doppler frequency for
hovering or moving targets [3]. The signal-to-noise ratio (SNR) of the
FMCW radar system is directly impacted by PLL phase noise which is
suppressed to some degree at close range but still required to be mini-
mized at long range [4]. Therefore, phase noise at the out-of- PLL band-
width must be reduced as low as possible to make sure that a tiny trav-
elling target like drone at long range is captured by radar. This paper
presents a low phase-noise 19 GHz PLL synthesizer with —114 dBc/Hz
at | MHz offset and —138 dBc/Hz at 10 MHz offset which belongs in
the beat frequency region corresponding to long range.

FMCW radar transceiver: 1llustrated in Figure 1 is a K-band FMCW
radar which is composed of a receiver, a transmitter with PLL VCO, an
antenna, a circulator and FPGA. In order to achieve a maximum range of
1.5 km, GaAs low-noise amplifier (LNA) and GaN power amplifier (PA)
are used off chip in the radar sensor while the transceiver including PLL
VCO in the red line is implemented using the SiGe process. A series
of saw-tooth chirp signals are transmitted through SiGe drive amplifier
(DA) and off-chip PA coming from PLL VCO. Realized by using FPGA,
the chirp generator outputs control bits to modulate PLL divide ratio and
then cause VCO to produce chirp signals like saw-tooth wave. The K-
band FMCW radar does continuously transmit microwave chirp signal
whose carrier frequency step-up starts at 18 GHz and wraps up at 19.5
GHz every 250 us pulse repetition interval (PRI) time. Beat frequency is
obtained through the radio frequency (RF) mixer which multiplies trans-
mitted signal and received one from radar target. Corresponding to fre-
quency difference between the transmitted signal and the reflected one
from target is the beat frequency from which both range and velocity of
the flying object are calculated like (1) [4].
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As shown in (1), beat frequency consists of the first term f; which
represents the time of flight of electromagnetic wave travelling with
speed of light C, from the radar to a target at range R and returning
to the antenna, and the second term f4 which means the Doppler fre-
quency caused by the moving object like drone flying back and forward
from the radar. Note that f4 is positive when the target approaches the
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Fig. 1 K-band FMCW radar transceiver for detecting tiny UAVs. UAV, un-
manned aerial vehicle

radar and negative for the opposite case. In (1), 7 represents PRI time,
B frequency bandwidth, and f. middle carrier frequency of chirp signal
and v target velocity. The range-velocity ambiguity becomes resolved
by making multiple measurements. Therefore, about 154 of saw-tooth
wave bins are sampled and processed in the FPGA board including
analog-to-digital converter (ADC). In homodyne FMCW radar where
a time-delayed transmitted chirp signal is mixed with the received one,
the phase noises coming from a primary radar system are correlated and
partially cancelled out due to range correlation effects [4, 5]. However,
it is desirable to minimize phase noise in order to make sure that a suc-
cessful detection for a drone having small RCS of less than —20 dBm be
achieved. As expressed in (2) and (3), phase noise of PLL has a direct
impact on SNR of FMCW radar system and thus, on target range R [5].
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In (2), the thermal noise (NVy,) is expressed by Ny, = k- T;,+ B, with
k=138 x 1072 Ws/K, T, = 290°K, and B, = noise bandwidth.
The mean noise power (N,,) caused by phase noise is given by Ny, =
2-(m+A- fip-op)* with signal amplitude 4, IF frequency fir and IF jitter
noise or induced by phase noise. The system quantization noise (Ng,)
is estimated by Ny, = S,/(6.02dB-E,+1.76dB) with received power S;
and ADC effective number of bits Ej,.
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Here P, is transmit power, G antenna gain, A wavelength, o RCS, n,
pulse number, L propagation loss. By (2) and (3), the SNR degradation
by phase noise does primarily determine the bound for the range uncer-
tainty [5].

PLL: In Figure 1, the PLL is composed of a phase-frequency detector
(PFD), a charge pump, an on-chip third-order loop filter, a multimodu-
lus divider, and a VCO. With having divide ratios between 57 and 63,
the multimodulus divider consists of +2 dividers, + 7/8 dual-modulus
prescaler and modulus control block. Figure 1 illustrates the timing di-
agrams of the divide-by-59 operation where the + 7/8 prescaler divides
the differential input clock (CK) by 7 for the first five P, cycles and by
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Fig. 2 (a) Darlington pair VCO circuit. (b) Simulated f yyqns

8 for the remaining three Py, ones. The + 7/8 dual-modulus prescaler is
configured with an NOR D-F/F (ND), three D-F/Fs, and an SEL. All
D-F/Fs are implemented using current-steering emitter-coupled logic
(ECL). The +7 is accomplished by the NOR operation of O and Qg
with MC = 1 while the +8 achieved by signaling logic ‘Low’ to the B
input of the NOR D-F/F with MC = 0. The SEL outputs the inverted Qg
or logic ‘Low’ signal, depending upon the MC value.

Low-phase-noise VCO: Since PLL phase noise affects SNR of FMCW
radar system, it is very important to choose a suitable oscillator topology
in order to accomplish as low phase noise as possible. Oscillator hav-
ing higher maximum attainable oscillation frequency (fians) is preferred
to be employed as the FMCW chirp generator in a higher frequency
region above 10 GHz because phase noise is reduced in proportion to
oscillator output power which can be much more increased for oscilla-
tor transistor having much larger fi.ns [6]. With consuming the same
power, the Darlington-pair transistor is reported to represent higher cut-
off frequency (fr) and larger g,, than single transistor [7, 8]. Figure 2
displays the proposed K-band VCO which is configured with Darling-
ton cross-coupled pair with capacitive degeneration, varactor diode, and
a symmetric spiral inductor. The positive feedback, which is formed by
the path of Q4 base — Q4 collector (p) — Cper — Q3 base — ;5 col-
lector (n) — Cve1 — Q4 base, produces additional negative resistance
and pushes its fi,ns upwards into the higher operating frequency region.
Each fans of both the simple capacitive-degeneration pair and the Dar-
lington capacitive-degeneration cross-coupled pair are expressed as (4)
and (5), respectively [9].
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Fig. 3 (a) VCO frequency tuning range. (b) Locked output spectrum
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Fig. 4 Measured phase noise and die photograph of the K-band PLL
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Here Cy. is base-emitter capacitance, ry, base resistance, r. emitter
resistance, g, transconductance. frs shows the cutoff frequency of a
transistor while fp expresses that of the Darlington pair.

Comparing firans dar With firans cdee manifests that the Darlington
capacitive-degeneration pair accomplishes much higher fia,s than the
simple capacitive-degeneration pair because the cutoff frequency of
Darlington pair is larger than that of a single transistor [7]. Simu-
lated in Figure 2b is each real part of input admittances of cross-
coupled pair, capacitive-degeneration pair and Darlington capacitive-
degeneration pair. The fians gor Of Darlington capacitive-degeneration
pair is demonstrated to be highest among the three oscillators as 197
GHz which is very close to fi.x of 220 GHz for npn bipolar transistor
[10].

Measurement: Manufactured using 0.25 um SiGe:C BiCMOS process
technology as displayed in Figure 3, the K-band PLL frequency syn-
thesizer achieves a locking output frequency of 17.9 to 19.5 GHz and
—10 dBm output power. As shown in Figure 4, the PLL phase noise is
measured as —113.7 dBc at 1| MHz and —138 dBc/Hz at 10 MHz offset,
respectively, from 19.456 GHz when the 152 MHz clock is input to PFD.
Included in the phase noise curve of Figure 4 is the PLL die photograph
whose size is 0.8 x 0.6 mm?. Compared to the state-of-the-art K- and
Ka-band PLLs in Table 1, the frequency synthesizer obtains lowest phase
noises at 1 and 10 MHz offset, respectively, while consuming 175-mW
power.

Conclusion: This paper presents a low phase-noise frequency synthe-
sizer of accomplishing — 138 dBc/Hz at 10 MHz offset based on Darling-
ton capacitive-degeneration VCO, which enables improving SNR and
probability of detection of FMCW radar for a long-range target.
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Table 1. Comparison to the state-of-the-art PLLs using the SiGe
process

References

1

Ritchie, M., et al.: Micro-drone RCS analysis. In: /EEE Radar Confer-
ence, pp. 452456 (2015)

This PLL (1] [12] [13] [14] 2 Li, C. J, et al.: An investigation on the radar signatures of small con-
/. [GHz] 17.9 16.0 253 15.6 372 sumer drones. [EEE Ant. Wirel. Prop. Lett. 16, 649-652 (2017)
~19.5 ~18.8 ~28.0 ~17.1 ~40.0 3 Patole, S., et al.: Automotive radars: A review of signal processing tech-
niques. /[EEE Signal Process. Mag. 34, 22-35 (2017)
Phase noise -4 —102* —107* —108* —lor® 4 Thurn, K., et al.: Concept and implementation of a PLL-controlled
[dBe/Hz] —138b —126b —134b —134b —125b . . L
interlaced chirp sequence radar for optimized range-doppler mea-
Power [mW] 175 144 850 188 380 surements. [EEE Trans. Microw. Theory Tech. 64(10), 3280-3289
(2016)
bll (;VI hI;II}ZIz()(ff;fes:t 5 Ebelt, R., et al.: The effect of phase noise on ranging uncertainty in
’ FMCW secondary radar-based local positioning systems. In: Proceed-
ings of the 9th European Radar Conference, pp. 258-261 (2012)
supervision; validation; visualization; writing—original draft; writing— 6 Imani, A., et al.: Frequency and power scaling in mm-wave colpitts os-
review and editing. Kyung Hwan Park and Bon Tae Koo: Supervision; cillators. IEEE J. Solid-State Circuits 53(5), 1338-1347 (2018)
funding acquisition; project administration. 7 Chi, H.K. et al.: High gain V-band active-integrated antenna transmitter
using Darlington pair VCO in 0.13um CMOS process. Electron. Lett.
Acknowledgements: This work was supported by Institute of Informa- 46(5), 321-322 (2010)
tion & Communications Technology Planning & Evaluation (II'TP) grant 8 Lehtonen, T A, et al.: A Darlington-enhanced CMOS oscillator archi-
funded by the Korea government (MSIT) (No. RS-2023-00215735, De- tecture. IEEE Trans. Circuit. Syst.-11 59(1), 11-15 (2012)
velopment of Distributed Radar Core Technology for Life Detection in 9 Veenstra, H., et al.: A 35.2-37.6GHz LC VCO in a 70/100GHz fr/fiax
a Wide Area Disaster Site). SiGe technology. In: [EEE International Solid-State Circuits Confer-
ence, pp. 538-616 (2004)
Conflict of interest statement: The authors declare no conflict of interest. 10 Awny, A., etal.: A 40 Gb/s monolithically integrated linear photonic re-
ceiver in a 0.25 um BiCMOS SiGe:C technology. /[EEE Microw. Wirel.
Data availability statement: Data openly available in a public repository Comp. Lett. 25(7), 469-471 (2015)
that issues datasets with DOIs. 11 Floyd, B.A, etal.: A 16-18.8-GHz sub-integer-N frequency synthesizer
for 60-GHz transceivers. I[EEE J. Solid-State Circuits 43(5), 1076—-1086
Credit contribution statement: None. (2008)

12 Hickle, M. D,, et al.: A single-chip 25.3-28.0 GHz SiGe BiCMOS PLL
© 2024 The Authors. Electronics Letters published by John Wiley & with —134 dBc/Hz phase noise at 10 MHz offset and —96 dBc reference
Sons Ltd on behalf of The Institution of Engineering and Technology. spurs. In: JEEE BCICTS Sympoium (2021)

This is an open access article under the terms of the Creative Commons 13 Jong, G W, et al.: A fully integrated Ka-band VSAT down-converter.
Attribution License, which permits use, distribution and reproduction in {EEE J. Solid-State Circuits 48(7), 1651-1658 (2013)

any medium, provided the original work is properly cited. 14 Chen, Y., et al: A 4(‘).GHZ PLL with -92.5dBc/Hz in-band phase
Received: 10 December 2023 Accepted: 11 January 2024 noise and 104fs-RMS-jitter. In: [EEE RFIC Symposium, pp. 31-32
doi: 10.1049/el12.13094 (2017)

ELECTRONICS LETTERS January 2024 Vol. 60 No. 2 wileyonlinelibrary.com/iet-el 3

BSUSD17 SUOWWOD SAINESID 3|ceatdde ayp Aq pausenob afe Sao1Le YO ‘38N JO S9N 10} Aeiq1 SUIUO AB]IM UO (SUO3IPUOD-PUe-SLLLBI WD A8 | I Afe.q]1BU 1 {UO//:Sd1Y) SUOBIPUOD pUe SW L 8L} 835 [i7202/T0/8T] U0 Afeid 1 auljuQ A1 ‘SUOIEIIUNWWOISP L PUe SI1U01% 3 AQ #60ET ZIB/6v0T OT/I0p/W0d A5 |1M°Aleiq 1 pu1|UO YD essa 19 1//:SdnY WOy popeoumoq ‘Z ‘7202 ‘XTTE0SET


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/iet-el

	A 19-GHz low-phase-noise frequency synthesizer for a K-band FMCW radar sensor of detecting micro unmanned aerial vehicles
	Introduction
	FMCW radar transceiver
	PLL
	Low-phase-noise VCO
	Measurement
	Conclusion
	Author contributions
	Acknowledgements
	Conflict of interest statement
	Data availability statement

	Credit contribution statement
	References 


