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A 19.1-25.5-GHz Compact Dual-Mode Rotary
Traveling-Wave Oscillator With
195.4-dBc/Hz FoMt

Hongkun Li, Yiyang Shu

Abstract—1In this letter, a dual-mode rotary traveling-wave
oscillator (RTWO) is proposed to achieve wide operation band-
width and multiple phases. Two twisted differential transmission
lines are coupled together to form the dual-mode traveling-wave
resonator. Sixteen pairs of back-to-back inverters and capacitors
are connected to the resonators to introduce the multicore multi-
phase operation. The mode switches are used to control the
coupling direction and select the desired mode without degrading
the quality factor. Verified in a 40-nm CMOS process, the
proposed dual-mode RTWO exhibits a dual-mode frequency
range from 19.1 to 25.5 GHz with the core size of 0.08 mm?.
The measured 10-MHz phase noise at 25.30 and 22.12 GHz is
—129.6 and —131.5 dBc/Hz, respectively. The best FoM and FoMy
are 186.2 and 195.4 dBc/Hz, respectively.

Index Terms— Dual-mode, mode switching, multiphase, rotary
traveling-wave oscillator (RTWO), wideband.

I. INTRODUCTION
ECENTLY, with the pursuit of high speed and
multistandard wireless communication such as 5G com-
munication, the design of local oscillator (LO) is facing the
challenges of low phase noise, wide tuning range (TR), and
low power consumption [1]-[10]. Meanwhile, multiple phases
and small area are also desired to support multiphase wireless
operation and minimize the cost [11], [12]. Conventional LC
oscillators (LCOs) generate multiphase signal by coupling
multiple oscillators together in sacrifice of more chip area
[13]-[19]. It is not easy for coupled LCOs to generate more
than four phases. Compared with conventional coupled LCOs,
rotary traveling-wave oscillator (RTWO) has the advantage of
generating multiple phases in limited area [20]-[25]. However,
the reported RTWOs lack effective wideband tuning method
and are less attractive to multistandard wireless communica-
tion systems.
In this letter, a dual-mode coupled RTWO is proposed
and verified in a 40-nm CMOS technology to obtain wide
frequency range and multiple phases within a small chip size.
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Fig. 1. Configuration of the proposed dual-mode RTWO.

Coupling is formed by nesting two RTWO cores together, and
thus additional area can be avoided. The operation bandwidth
is extended by dual-mode switching without degrading the
quality factor. Meanwhile, the proposed oscillator can achieve
high stability in each mode by selecting proper size of mode
switches. The measured results exhibit a continuous dual-mode
frequency range from 19.1 to 25.5 GHz. Competitive FoMrt
of 195.4 dBc/Hz and FoM, of 197.2 dBc/Hz are obtained.

II. DESIGN OF THE DUAL-MODE RTWO
A single-core RTWO is divided into N segments to sup-
port N differential phases [25]. The oscillation frequency is
determined by the following equation:

1
Jo= (1
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where [, represents the length of each segment, Lo and Cy are
the series inductance and shunt capacitance of transmission
line per unit length, respectively, Cy is the tuning capacitance,
and Cpy, is the parasitic capacitance of inverter. As implied
from (1), the tuning capacitance plays a limited role in the
whole capacitance, resulting in a narrow operating bandwidth
for conventional RTWO.

To achieve a wide frequency range, Fig. 1 depicts the con-
figuration of the proposed dual-mode RTWO. This structure
consists of two mutually nested and coupled RTWO cores.
Each RTWO core includes a mobius-ring differential transmis-
sion line and eight pairs of back-to-back inverters with tuning
capacitors. The mode switches S; and S, placed between the
RTWO cores determine the two modes, respectively.

Fig. 2 shows an unfolded simplified model of the proposed
dual-mode RTWO. The voltage wave direction, voltage phase,
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Fig. 2. Simplified operation states of (a) mode-1 and (b) mode-2.
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Fig. 3. Transmission line models with coupling in two modes. (a) Mode-1.
(b) Mode-2.

and current direction in the different modes are shown to
exhibit the operation states of the two modes. The dotted lines
present the turned-on switches. S; determines mode-1, while
S, excites mode-2, as shown in Fig. 2(a) and (b), respectively.
In each mode, the turned-on mode switches are placed in two
positions with a 90° phase difference. It is notable that the
symmetry of the structure makes it difficult to predict the
startup state of the RTWO. Once the two switches in each
mode are connected in differential places, the direction of
voltage waves in the two cores cannot be determined [24].
Therefore, the two non-differential switches are necessary
in this design. The turned-on switches can synchronize the
phases of the connected points, and thus controlling the current
distribution on the oscillators, as shown in Fig. 2. In mode-1,
the voltage and current waves in the two RTWO cores are
in opposite directions. In mode-2, the waves are in-phase.
The different wave directions make the equivalent coupling
different in each mode, leading to two frequency bands. It is
worth mentioning that in each mode, there is no current
flowing in the path where the switches locate. Then, the energy
loss on the ON-resistance (Roy) is negligible. As a result, the
dual-mode operation can effectively avoid the deterioration of
the quality factor caused by Roy.

When the waves are activated around the two RTWO rings,
there are electric coupling and magnetic coupling between
adjacent transmission lines. The transmission line with cou-
pling is modeled in Fig. 3. C, is the equivalent capacitance per
unit length considering the shunt capacitance of transmission
line, parasitic capacitance of inverters, and tuning capacitance.
C,, represents the electric coupling between transmission lines,
while mutual inductance M represents magnetic coupling.
As shown in Fig. 3(a), when the proposed dual-mode RTWO
operates in mode-1, the currents on coupled transmission lines
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Fig. 4. Simulated input impedance and phase response in (a) mode-1 and
(b) mode-2.

are in opposite directions. The magnetic flux generated by
each transmission line adds destructively, leading to equivalent
inductance per unit length Lyoge.1 = Lo — M; C,, 1s excited
by the odd-mode voltage at both the ends, so the equivalent
shunt capacitance Cpoge.1 = C.+2C,,. As shown in Fig. 3(b),
once the dual-mode RTWO operates in mode-2, the electric
coupling and magnetic coupling are excited in even mode,
SO Lmode2 = Lo + M, Cioder = C.. According to (1), the
oscillation frequency of the proposed RTWO in mode-1 and
mode-2 can be derived as

1
Jmose1 = 2Nlgeg/ (Lo — M)(C, + 2Cyy) @

1
2leeg\/ (LO + M)Ce .

Considering that magnetic coupling M is stronger than electric
coupling Cp;, fmode-1 and fmoge-2 correspond to a higher and
lower frequencies, respectively. Fig. 4 displays the simulated
input impedance and phase response seen from differential
ports. There are two peaks located at fiode-1 and fiode-2
which contain no mode switches (i.e., Rox = 00 Q). Bimodal
oscillation may occur if the negative resistance provided by
the inverters is large enough. As shown in Fig. 4(a) and (b),
a small Ryy can damp input impedance and avoid phase
response crossing zero at undesired resonant frequencies [7].
The simulated results show that bimodal oscillation can be
avoided when Ry is smaller than 100 Q.

It is notable that R,y is not always as small as possi-
ble. Fig. 4 also shows that the proposed dual-mode RTWO
produces an additional peak of input impedance at fiode-1a and
Jfmode-2a When ideal switches (i.e., Roy = 0 Q) are used. Unlike
LC-type mode-switching oscillator, the proposed dual-mode
RTWO has additional resonant paths through switches at such
additional frequencies, as shown in Fig. 5. The additional paths
can create new stability problems and deteriorate the perfor-
mance of oscillating ring. Thus, this phenomenon defines the
lower bound for R,y. According to simulation, the additional
peaks in both modes can be suppressed when Ry is larger than
10 Q. Once Ry is set from 10 to 100 €, it hardly changes
the phase noise of the oscillator.

3)

f mode-2 =

III. CIRCUIT IMPLEMENTATION

The proposed dual-mode RTWO has been implemented in
a 40-nm CMOS technology. The coupled transmission lines
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Fig. 5. Additional oscillation path when using ideal switches in (a) mode-1
and (b) mode-2.
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Die micrograph of the proposed dual-mode RTWO.
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Fig. 7. Measured phase noise in (a) mode-1 and (b) mode-2.

are realized by the top thick metals. To reduce unnecessary
coupling of the transmission lines between the left and right
parts, a ground shield is placed in the middle of the struc-
ture. The simulated coupling coefficient k (k = M/Ly) is
0.45. Each RTWO core includes eight pairs of back-to-back
inverters, providing the 16-phase output signals. The size of
pMOS and nMOS used by inverters are is 32 xm/40 nm and
16 um/40 nm, respectively. The simulated result shows that
the dual-mode RTWO can start up within 1 ns in each mode.
One pair of varactors and four differential switched capacitors
are connected to each inverter to achieve frequency tuning in
each mode. The mode switch is realized by nMOS with a size
of 4 um/40 nm. Ryy is about 75 Q, which can effectively
select the desired resonant mode.

IV. EXPERIMENTAL RESULT

Fig. 6 shows the die micrograph of the dual-mode RTWO.
The core area is 200 um x 400 um. The frequency and
phase noise of the dual-mode RTWO are measured by Rohde
& Schwarz FSWP50. The proposed oscillator operates in
mode-1 (21.5-25.5 GHz) and mode-2 (19.1-22.2 GHz) with-
out observable stability problem. Then a continuous TR of
28.7% is obtained. Fig. 7 shows the measured phase noise
at two typical frequencies of the two modes. The measured
1- and 10-MHz phase noise at 25.30 GHz is —105.14 and
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Fig. 8. Measured (a) frequency tuning and (b) phase noise of each mode.
TABLE I
COMPARISON WITH STATE-OF-THE-ART OSCILLATORS
Publication This JSSC15 | TMTT17 | JSSCI8 | JSSC21 | MWCL21
work [15] [5] [24] [25] [10]
e | Pyt | qt T ot | el T wwo [ e
Process 40-nm 40-nm 90-nm 28-nm 22-nm 180-nm
CMOS CMOS | CMOS | CMOs | FD-sOI | CMOS
Frequency (GHz) 19.1~25.5 21.4~25.1 [ 19.2~22.5 [ 16.1~19.8 | 26.2~30.0 | 19.9~29.5
Tuning Range (%) 28.7 159 15.8 20.5 135 38.8
Power (mW) 16.6~18.1 23 8.1 75 21 14.4
Number of Phases 16 8 2 16 16 2
Core Area (mm?) 0.08 0.06 0.09 0.38 0.24 0.04*
PN 1 MHz |-106.4~-103.7| -94.9 -100.7 | -107.2% | -107.6 -97.6
(dBe/Hz) [ 10 MHz | -131.5~-129.6 | —118.5 | —124.3* | —132.5% | —1289 -122.3
FoM | 1MHz | 177.7~181.1 168.6 177.8 173.5 184.1 175.4
(dBe/Hz) [ 10 MHz | 185.1~186.2 172.2 181.4 179.5 185.4 178.5
FoM, | | MHz | 186.8~190.3 172.7 181.8 179.8 186.8 187.2
(dBe/Hz) [ 10 MHz | 194.2~195.4 176.3 185.4 185.7 188.1 190.3
FoM, | |MHz | 188.7~192.1 180.8 188.2 177.7 190.3 189.4
(dBe/Hz) [ 10 MHz | 196.1~197.2 184.4 191.8 183.7 191.6 192.5

*Estimated from the figures in references ~ FoM = — PN(Af') + 20logo(fo / Af) — 10logio(Ppc / 1mW)
FoMr = FoM + 20log;o(TR / 10)  FoM, = FoM — 10log;o(Area / lmmz)

—129.62 dBc/Hz, respectively. For mode-2 operated at
22.12 GHz, the measured phase noise at 1- and 10-MHz offset
is —106.44 and —131.52 dBc/Hz, respectively. The measured
frequency tuning and phase noise of each mode are shown in
Fig. 8. The power consumption is 16.6—18.1 mW froma 1.1-V
supply. The measured supply pushing in mode-1 and mode-2
is 500 and 840 MHz/V, respectively. The measured results are
summarized and compared with the state-of-the-arts in Table I.
Chen and Chin [10] perform the widest frequency range using
triple modes. However, it cannot support multiple phases, and
the phase noise is much worse than our work. The proposed
oscillator has obvious advantages in multiphase generation and
highest overall performance of FoMt and FoM,.

V. CONCLUSION

This letter proposes a dual-mode RTWO based on mode
switching technique. The oscillator consists of two mutually
nested and coupled RTWO cores. The coupling direction is
controlled by mode switches to achieve dual-mode switching
without worsening the quality factor. Verified in a 40-nm
CMOS technology, the proposed dual-mode RTWO exhibits a
28.7% frequency from 19.1 to 25.5 GHz. With the wide TR,
low phase noise, and small area, such RTWO is attractive for
wideband and high-purity multiphase clock generation.
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