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Abstract—This paper investigates a super-regenerative oscilla-
tor (SRO) operating at 206 GHz that is based on a differential
common-collector Colpitts oscillator topology and transformer.
The SRO is used to regenerate a very small input signal into
a substantially larger output signal by recovering its phase. An
input stage utilizing an on-chip transformer is designed to feed
the input signal to the differential oscillator. To prove the concept,
the circuit is fabricated in a 130-nm BiCMOS technology with a
total chip area of 0.88 mm>. Measurement results demonstrate
a minimum input sensitivity of -47 dBm for a phase-coherent
output. The oscillator has a maximum output power of -3 dBm
and achieves a maximum regenerative gain of 39 dB. A frequency
tuning range of 3.6% from 204.2 GHz to 211.6 GHz has been
realized. Furthermore, the circuit requires a dc power of only
12.4 mW leading to a DC-to-RF power efficiency of 4%. This
work achieves a maximum quenching frequency of 15 GHz.
Compared to the state of the art, this is the SRO with the fastest
quenching frequency reported to date.

Index Terms—Super-regenerative oscillator, millimeter wave
integrated circuits, THz receiver, high-resolution imaging.

I. INTRODUCTION

Lately, due to the exceptional wave properties and a wide
range of potential applications, the interest in the terahertz
(THz) region (100 GHz-10000 GHz) has rapidly increased.
Unlike microwave signals, they allow for very high-resolution
imaging, thanks to their short wavelength. In order to leverage
the potential benefits of THz imaging for real-world practical
applications, power efficient, highly sensitive and compact
THz imaging systems with multichannel signal acquisition
are needed. At THz frequencies, to compensate the very high
free space path loss, an amplifier with a very high gain for
imaging systems is required. However, the imaging system
architectures based on conventional heterodyne transceivers
suffer from low gain, high power consumption, high noise,
large chip area and high heat dissipation, when transistors
operate close to or beyond the maximum oscillation frequency
(fmax) of the transistors.

In order to solve these fundamental shortcomings for THz
camera receivers, the super-regenerative receivers (SRR) sys-
tem concept based on using a super-regenerative oscillator
(SRO) for amplification becomes increasingly attractive for
efficient signal reception [1], [2]. The SRO is based on an
amplifier requiring only low small-signal gain. This amplifier
is connected in a positive feedback loop from the output to the
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Fig. 1. Block diagram of the complete super-regenerative receiver, including
the auxiliary SRO and a quadrature down-conversion mixer.

input, leading to a high large-signal gain due to the construc-
tive feedback. Therefore, the SRR provides the big advantages
of achieving a high gain and a high sensitivity at a low com-
plexity, size, cost and power consumption. The block diagram
of the proposed receiver is shown in Fig. 1. Using a novel
subharmonic-pumped SRO concept, the received 600 GHz
signal is down-converted to an intermediate frequency (IF) of
200 GHz using a pulsed local oscillator combined with a high
super-regenerative amplification utilizing positive feedback.
The feasibility of such mixing products has already been
shown for intermodulation with an incoherent second oscillator
with 2 harmonic downconversion [3], which can be extended
to 3™ harmonic operation and full coherence. To ensure co-
herent regeneration, an auxiliary SRO and a frequency doubler
are implemented for coherent LO regeneration from its signal
distribution network. In addition, SRO-based LO regeneration
also allows for elegant compensation of unequal insertion loss
in the feed network. In this proof-of-concept study, such an
auxiliary SRO is investigated.

II. DESIGN AND IMPLEMENTATION OF THE SRO

The circuit schematic of the proposed transformer-based
SRO is illustrated in Fig. 2. It comprises three main blocks:
an oscillator core, an injection stage and a quenching stage.
Due to the good performance of the differential common-
collector Colpitts topology at high frequencies [4], it is chosen
for the oscillator core design. The oscillator core is realized
with transistors 77 g and a LC resonator, which is composed
of the transmission lines 7L, and the base-collector diodes
using transistor pair 75 ¢ as varactors. Thus, the frequency
tuning is achieved by adjusting the voltage Viy,., which cor-
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Fig. 2. Schematic and chip micrograph of the 206 GHz SRO with pad labels.

responds to varying the base-collector voltage of varactors. A
differential common-base output buffer comprising transistors
Ty, 1o is implemented to deliver maximum output power to
the load, since it provides the required low impedances at the
collectors of 77 g and allows to drive a high-impedance load.
Additionally, it offers sufficient reverse isolation to prevent
the oscillator from locking on the reflected pulses, when the
output impedance appears mismatch. To obtain optimal load
impedances, the output matching network, which consists of
transmission lines 1" Log., T'Lcce, T Lya, and a metal-insulator-
metal (MIM) capacitor C, were implemented by means of the
load-pull simulations. Simultaneously, the fast start-up time
has to be taken into account regarding load-pull simulations,
to enable a pulsed operation of the SRO with a fast quenching
above 10 GHz. Therefore, a trade-off value was chosen as
the optimum load impedance between a higher steady-state
oscillation output amplitude and a faster start-up time. To
facilitate differential-to-single-ended signal conversion at the
output interface, a three-conductor T-Line balun proposed in
[5] has been implemented, which simplifies the measurement
setup and also achieves the impedance transformation to a
single-ended 50 €2 load.

For the injection of an input signal into the oscillator,
an injection stage composed of a common-emitter buffer
with transistor 77 and an on-chip transformer is employed.
Consequently, it behaves as an active balun to feed the single-
ended input signal to the differential input of the oscillator.
The common-emitter buffer is implemented to provide optimal
50 2 impedance matching while delivering preliminary input
signal amplification. The transformer is designed using two
stacked lines in the top two metal layers, the supply voltage
Ving is provided through the line in the topmost layer. Utilizing
an on-chip transformer results in independent biases of the
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Fig. 4. Measured (solid lines) and simulated (dashed lines) oscillation
frequency (left) and output power (right) versus the varactor tuning voltage
Viune of the SRO at the free running mode.

input buffer and the oscillator, which realizes more efficient
input signal recovering. This helps to save headroom for the
oscillator, since the input stage is coupled to the oscillator
through the transformer instead of stacking the oscillator on
top of T). Therefore, the SRO can operate at lower supply
voltage V¢ and dc power, and thus a larger output swing is ob-
tained for a given supply. By means of impedance conversion
of the transformer, a much lower impedance can be obtained
at the emitter nodes of the 77 g, which leads to a reduced
emitter degeneration impedance. Thus, the regenerative gain
of the proposed SRO has been maximized. Simultaneously, the
parasitic capacitance between the base of the tail transistor and
ground can be reduced due to the impedance transformation,
which results in a lower switching time constant and thus
achieves a higher switching rate.

To sample the phase and amplitude information of the
input signal at the turn-on instant, the oscillator has to be
periodically quenched, thus each oscillation pulse represents
one symbol. The quenching of the SRO is performed by
transistors 73 and Ty, which form a current mirror with a
diode-connected transistor 75 for the oscillator core. Thus,
the current biasing is set through I.s. The switching signal is
applied to periodically quench the oscillator as desired using
a nMOS transistor M, whose drain is connected to the base
of the current mirror, by driving down the bias voltage node
to turn off the current mirror during the off phase.

III. EXPERIMENTAL RESULTS

To prove and investigate the concept, the circuit was imple-
mented in a 130-nm SiGe BiCMOS technology, which has an
fr/ fmax of 470 GHz/650 GHz. The key characteristics of the
HBT technology are described in [6]. The chip micrograph
is presented in Fig. 2. The total chip occupies an area of
0.88 mm? including chip pads. The total dc power is 22.4 mW
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Fig. 5. Measured maximum output spectral power Pourmax (left) and the
corresponding regenerative gain (right) versus the input power Py; for an
input frequency fin; of 211 GHz.
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Fig. 6. Measured spectrum for quench frequency of fsw=1 GHz at oscillation
frequency of fosc~205.5 GHz, with (a) Pyj=-24.5 dBm at fi;;=205 GHz (b)
Ppj=-26 dBm at fij=206 GHz.

under two supplies of Vcc=3.3 V and Viny=1 V, when the
circuit operates in free-running mode, i.e. without input sig-
nal. All on-chip dc power distribution networks are realized
through zero-Ohm transmission lines, which ensure effective
ac grounding and achieve high power delivery efficiency [4].
Furthermore, while the SRO is being quenched at a duty cycle
of 50%, the dc power reduces to 12.4 mW. To characterize
the implemented circuit on-wafer, its dc pads have been wire-
bonded on a custom printed circuit board (PCB). However, due
to the high operation frequency, which is beyond the range of
available oscilloscopes, time-domain measurements cannot be
directly performed. Therefore, the circuit can only be char-
acterized in the frequency-domain. The measurement setup
is sketched in Fig. 3. To generate a continuous wave (CW)
input signal between 140 GHz — 220 GHz, a Rohde&Schwarz
ZVA-7220 network analyzer converter was used. In order to
measure the spectrum, the output of the SRO circuit was con-
nected to a Radiometer Physics HM140-220 harmonic mixer,
which is combined with a Rohde&Schwarz FSW67 signal
analyzer. A Keysight E§257D signal generator provided Vjy,,
the quenching signal for SRO operation. In addition, a Virginia
Diodes PM4 power meter is used for power calibrations and
signal power measurements.

In order to verify the regenerative phase sampling capability
of the SRO, the measured output spectrum of a phase-locked
SRO is derived in [7], [8] as

Vout (f) = AoutDsw |SinC (7TT0n (f - fosc))|

: Z 5((f7fmj)7nf§w)

n—=—oo

(D

where Agy, is the output amplitude, Dgyw=To, fsw is the
duty cycle of the switching signal, Ty, and fs, are the
period of the oscillator on-state before quenching and the
switching frequency, respectively. Equation (1) shows that the
output spectrum Vo, (f) has a sequence of Dirac impulses
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Fig. 7. Measured spectrum for quench frequency of fsw=1 GHz and input
frequency of fi,j=206 GHz at oscillation frequency of fosc~205.5 GHz, with
(a) Ppj=-37.4 dBm (b) Py;;=-47 dBm.
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Fig. 8. Measured spectrum for input frequency of fi;j=205 GHz and input
power of Py; = -35.3 dBm at oscillation frequency of fosc~205.5 GHz, with
(a) fsw=10 GHz (b) fsw=15 GHz.

at finj—nfow, where fiyi is the injection frequency and n is
an integer, and these spectral components are centered at the
oscillation frequency fos. and have a sinc-shaped envelope.
Thus, every two adjacent spectral components have a certain
distance which equals the switching frequency.

Fig. 4 shows the measured and simulated oscillation fre-
quency fosc and output power P,y of the SRO as a function
of the varactor tuning voltage Vi at its free running mode,
as both the SRO input signal (Viy) and the quenching signal
(V4w) input are terminated to 50 ). The measured fos can
be tuned between 204.2 GHz and 211.6 GHz by Vi, from
0 V to 5 V, which corresponds to a tuning range of 3.6%. A
maximum output power of -3 dBm at 210.8 GHz is provided
in its free running operation. Moreover, the output power
measurements align closely with the simulations, although the
measured oscillation frequencies are slightly higher than the
simulations. For the injection locking condition, Fig. 5 presents
the maximum spectral power Py max versus the input power
Pyj. As a result, the maximum regenerative gain is 39 dB,
with a sensitivity as low as -47 dBm.

To characterize the phase-sampling functionality of the
SRO, its output spectrum is illustrated in Fig. 6, when the
quench and oscillation frequencies are set to 1 GHz and
205.5 GHz, respectively. Due to the duty cycle of 50%, dc
power drops to 12.4 mW. Fig. 6(a) shows the measured output
spectrum for an input CW signal at 205 GHz with a power
level of -24.5 dBm, it can be observed that the spectral enve-
lope is centered around fys. and all spectral components follow
the finj, and each two adjacent spectral components have the
exact distance of integer multiples of the switching frequency
(nfsw), as described by (1). In Fig. 6(b), the identical result is
confirmed, although an input CW signal at 206 GHz with an
input power of -26 dBm has been chosen. Decreasing the input
power level of fi,; at 206 GHz to -37.4 dBm and -47 dBm,
as shown in Fig. 7(a) and (b), respectively. In Fig. 7(b), due
to recognizable spectral components, the phase-coherence has



TABLE I
COMPARISON OF STATE-OF-THE-ART MM-WAVE SROS.

Ref. This work [9] [71 [8] [10] [11] [12] [13] [14] [4]
Technology 130 nm 65 nm | 250 nm 22 nm 130 nm | 130 nm | 65 nm 65 nm 130 nm | 130 nm
SiGe CMOS SiGe FD-SOI SiGe SiGe CMOS | CMOS SiGe SiGe
frmax(GHZ) 650 N.A. 180 371 450 450 N.A. N.A. 450 450
Josc(GHZ) 206 144 34.5 60 61.5 60 130 183 160 180
Pouc (dBm) -3 -33.5 5 1.5 4.5 3.1 -13.5 N.A. -8.4 0.5
Ppc (mW) 12.47 25 1227 10% 13~ 25% 8.1t 13.5T 6.6 8.8%
Pout/Ppc (%) 4 0.018 2.6 14.1 21.7 8.16 0.55 N.A. 2.2 12.8
Tuning range (%) 3.6 N.A. 8 10 12 11.7* 2.7 N.A. N.A. 6.5
Pinj.min_(dBm) -47 -74 -61.5 -42 -40 -79.5 -84 -72.5 -27 -58
Jow(MHz) 15000 10 75 10000 3000 10 12 150 5000 10000
Sow/fose (%) 7.28 0.007 0.2 16.7 4.9 0.017 0.009 0.08 3.1 5.6
Area (mm?) 0.88 0.3 0.83 0.49 0.96 0.87 0.3 N.A. 0.64 0.72

A: calculated from plot, *: graphically estimated, 8. duty cycle=55%, T: duty cycle=50%, #: duty cycle=30%, ~: duty cycle=15%.

been verified even for a minimum Fj,j=-47 dBm. Compared
to Fig. 7(a) that higher P;=-37.4 dBm causes a better phase-
sampling functionality and reduced sampling errors, as the
noise floor around the center frequency is lower. Additionally,
switching rates of 10 GHz and 15 GHz with an input power
of -35.3 dBm are shown in Fig. 8(a) and (b), respectively.
The implemented SRO exhibits a peak switching frequency
reaching 15 GHz.

IV. CONCLUSION

This paper investigates an SRO circuit operating at 206 GHz
that utilizes a differential common-collector Colpitts oscillator
configuration. For the high-resolution THz imaging applica-
tion, the SRO is utilized as a main circuit block in a super-
regenerative receiver system, to regenerate a very small input
signal into a significantly large output signal by restoring its
phase. An injection stage employing an on-chip transformer is
presented to deliver a differential input signal to the oscillator.
As a result of adopting the transformer, the regenerative gain
and switching rate were improved, due to reduced emitter
degeneration and lower parasitic capacitance at the base of
the tail transistor. The measurements of the SRO demonstrate
a minimum input signal power of -47 dBm with a regenerative
gain of 39 dB, and a maximum output power of -3 dBm. Only
a dc power of 12.4 mW was needed for the SRO operating
in pulsed mode, thus a DC-to-RF efficiency of 4% has been
achieved. The SRO exhibits a frequency tuning range of 3.6%,
from 204.2 GHz to 211.6 GHz. In Table I, the proposed SRO
is compared against the other state of the art mm-wave SROs.
This SRO presents the fastest switching rate of 15 GHz, which
is, to the best knowledge of the authors, the fastest reported
by far.
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