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ABSTRACT This paper designs two single-stage LC-tank injection-locked frequency sixtuplers (ILFSs)
fabricated in a 90 nmCMOSprocess and it describes the circuit design, operation principle, andmeasurement
results of the ILFSs. The ILFS circuit with a differential input and single-phase output is made of a first-
harmonic injection-locked oscillator (ILO), a frequency tripler, and a push-push doubler. The first ILFS
uses an octagonal inductor. For a supply voltage of 0.4 V, the free-running frequency is around 41.52 GHz,
DC power consumption is 9.03 mW at the incident power of 0 dBm, and the output locking range at 0 dBm
input power is 10.21 %. The second ILFS uses an 8-shaped inductor for low electromagnetic (EM) noise
generation. The free-running frequency is around 37.2 GHz, DC power consumption is 7.72 mW at the
incident power of 0 dBm, and the output locking range at 0 dBm input power is 17.4 %. The two chips
have the same area, 0.7 × 0.7 mm2. This paper also provides a further analysis and comparison of the RF
performance of on-chip inductors designed. Simulation shows the substrate noise coupling and distance noise
coupling between victim and aggressor, the 8-shaped inductor exhibits a significant reduction in coupling.
By the measurement results, it is evident that the performance of the 8-shaped inductor ILFS is superior to
that of the octagonal inductor ILFS.

INDEX TERMS 5G, millimeter-wave (mm-wave), low power, LC-tank, gm-boosted, push-push frequency
doubler, frequency tripler, 8-shaped inductor, injection-locked frequency sixtupler, locking range, 90nm
CMOS, magnetic field coupling noise interference.

I. INTRODUCTION
Fifth Generation (5G) cellular systems are being designed
to communicate over both sub-6 GHz bands as well as
mm-wave bands driven by the ever-increasing data-rate
requirements. The frequency bands for 5G high-frequency
band may cover 38.6 GHz to 40 GHz [1]. Owing to the
low-quality factor of varactors at mm-wave, as well as flicker
noise, the phase noise of the voltage-controlled oscillator
(VCO) is very poor and its power consumption is quite
high [2]. N-push VCO [3] and injection-locked frequency
multipliers (ILFM) [4] following the fundamental VCO
are the other mm-wave signal generation options, here the

The associate editor coordinating the review of this manuscript and
approving it for publication was Feng Lin.

fundamental oscillator often runs at a subharmonic fre-
quency. N-push oscillators consume high power and occupy
a large chip area because of the N-stage of active FETs.
Injection-locked frequency multipliers (ILFM) are popular in
mm-wave signal generation due to their high power efficiency
and superior phase-noise performance. Within its locking
range, the ILFM phase noise closely tracks the input phase
noise operating at a much lower frequency.

This paper designs two multiply-by-6 (×6) ILFMs in a
90nm CMOS process. ILFMs are often used with oscillators
or phase-locked loops to relax the signal source design at a
low frequency while supplying a high output frequency sig-
nal. A previous C-band single-stage ×6 ILFM is unsuitable
for 5 G application, and it uses an injection-locked oscilla-
tor (ILO) with a mixer-type frequency tripler with the aid of
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FIGURE 1. Block diagram of the injection-locked frequency sixtupler.

a self-generated frequency doubler signal for enhancing the
injection efficiency [5], [6]. The other CMOS two-stage ×6
ILFM [7], [8] utilizes a single-FET acting as a frequency
tripler (FT) in front of an ILO and also as a push-push
frequency doubler. This ILFM is not fully characterized and
it uses an FT loaded with a narrow-band filter. A CMOS
three-stage ×6 ILFM [9] utilizes a shunt-injection ×3 ILFM
in front of a push-push frequency doubler and an ILO fol-
lowing the doubler. This ×6 ILFM is not fully characterized
either. A similar ×6 frequency multiplier (FM) chain is
designed [10] by using a frequency tripler followed by a
frequency doubler.

Passive inductors are crucial elements in RF circuits such
as amplifiers, oscillators, and filters. LC voltage-controlled
oscillators (VCOs) with inductive load are essential parts
of all RF-integrated transceivers and they normally inte-
grate with output buffers for driving other circuits or for
measurement purposes. Literature has shown various induc-
tor topologies, which include tapered inductors [11] and
8-shaped inductors [12]. The latter inductor uses one-
turn [13], 2-turn [14], or 3-turn [12]. A twisted inductor
normally has two lobes with far-field magnetic field genera-
tion in opposite directions to offset each other in the location
sitting between the symmetric axis of the two lobes. The
twisted inductor VCO [15] has a significant advantage in
suppressing the interference of integrated transceiver chips.

In this paper, two mm-wave ×6 ILFMs are designed. The
first ILFS uses octagonal-shaped inductors and the second
ILFS uses 8-shaped inductors, which are notoriously known
for suppressing the coupling noise [13], [16], [17]. In the
second ILFS, the frequency tripler uses an 8-shaped induc-
tor, the push-push frequency doubler also uses the 8-shaped
inductor, and the ILO also uses the 8-shaped inductor as
the resonator component. We also propose using electromag-
netic (EM) simulation to compare the differences between the
8-shaped inductor and the octagonal inductor regarding signal
coupling.

II. CIRCUIT DESIGN
Fig. 1 shows the block diagram of ×6 ILFM, which consists
of a frequency tripler, an ILO, and a frequency doubler. Fig. 2
shows the off-chip measurement setup and circuit diagram
of ×6 ILFM using an injection-locked frequency tripler and
a push-push frequency doubler. A differential injection signal
is applied to the gates of M3 and M4. The common node

FIGURE 2. The measurement setup and block diagram of the ILFS.

of frequency tripler with L5, M3, and M4 generates a 2nd

harmonic of injection signal at the F2 node, and the drains
of M3 and M4 as mixers contain a 3rd harmonic of injection
signal by mixing the injection signal with the self-generated
2nd harmonic. M1, M2, C1, C2, and R1, R2 act as a negative
resistance generator, which forms the ILO with L1, and a
parasitic capacitor comprising the resonator. When the output
frequency of the frequency tripler falls in the locking range of
the ILO, the ILO output tracks the injection signal. Inductors
L3 and L4 enableM1 andM2 as gm boosters [18], [19], which
boost the ac-gate voltages of M1 and M2 for lower power
operation. Compared with a conventional push-push pair,
incorporating a gm-boosted push-push pair as a full-wave
rectifier not only increases second-harmonic swing but also
operates at low power consumption. The common mode 2nd

harmonic drain current supplied by M1 and M2 generates
the 6th harmonic at the F6 node by using the L2 load. M5
is a capacitive coupling output buffer for the sixth harmonic
extraction. No buffer is used for the ILO reducing the capac-
itive load for speed and locking range enhancement. Time
domain simulation would illustrate the circuit operation prin-
ciple. Fig. 3 presents the post-simulated results of the first
ILFS, including voltage (a) and current (b) waveforms in
the time domain of the whole integrated circuit. The circuit
behavior of the first and second ILFS are similar, so just show
the first ILFS.

III. COMPARISION OF NOISE SUPPRESSION BETWEEN
8- AND O-SHAPED INDUCTORS
This section compares the performance of a 1-turn 8-shaped
inductor and a 1-turn o-shaped inductor for the topologies
with and without center-tapped connection.

A. CENTER-TAPPED INDUCTORS
Fig. 4 shows the designed center-tapped inductor layout and
simulatedQ-factor and inductance. For the o-shaped inductor,
the internal distance is 107.4µm× 90µm. For one lobe of the
8-shaped inductor, the internal distance is 109 µm×42 µm.
Fig. 5(a) shows the layout of an o-shaped inductor for
interference study with an o-shaped aggressor and o-shaped
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FIGURE 3. Post-simulated voltage and current waveforms of ILFS. VDD =

0.4 V , VB1 = VB2 = 0.5 V , injection signal of Vinj+ and Vinj− and the
frequency is 6.9 GHz, DC bias is 0.5 V . (a) (Top plot) Voltage waveforms of
circuit node. Black dotted line: injection signal. Red solid line: node of F2.
Blue dotted line: nodes of F3+/F3−. Pink solid line: node of F6.
(b) (bottom plot) Current waveforms of circuit devices. Red and pink solid
lines: the currents of M3 and M4. Black dotted lines: the currents of M1
and M2. Blue dotted lines: the currents of L3 and L4. Orange solid line:
the current of L2.

FIGURE 4. (a) Layout of octagonal and 8-shaped inductors. (b) Simulated
Q-factor and inductance of octagonal inductor and 8-shaped inductor.

victim by varying the aggressor-victim distance td. Increasing
td yields smaller Vo/Vin and coupling factors as shown in
Fig. 5(b) and Fig. 5(c), respectively. Fig. 6(a) shows the

FIGURE 5. (a) Layout for interference study with o-shaped aggressor and
o-shaped victim by varying the aggressor-victim distance td = 10µm,
20µm, 30µm. (b) Vo/Vin. (c) Coupling factor of o-shaped.

layout of a 1-turn 8-shaped inductor for interference study
with the center-tapped 8-shaped aggressor and o-shaped vic-
tim by varying the aggressor-victim distance td. Increasing
td yields smaller Vo/Vin and coupling factor as shown in
Fig. 6(b) and Fig. 6(c), respectively, and shifts the dip. Fig. 6
shows the coupling noise is smaller than Fig. 5. Fig. 7(a)
shows the layout of a 1-turn o-shaped center-tapped inductor
for interference study with o-shaped aggressor and o-shaped
victim by varying the substrate thickness tsub and fixed dis-
tance td. Fig. 7(b) and Fig. 7(c) show that increasing substrate
thickness tsubincreases the substrate noise coupling. Fig. 8(a)
shows the layout of a 1-turn 8-shaped center-tapped inductor
for interference study with a center-tapped 8-shaped aggres-
sor and o-shaped victim by varying the substrate thickness
and fixed distance td. Fig. 8(b) and Fig. 8(c) show that
increasing substrate thickness tsub increases the substrate
noise coupling. Increasing thickness tsub increases coupling
noise, but the 8-shaped inductor shows smaller coupling.

B. DIFFERENTIAL INDUCTORS
Fig. 9 shows the designed inductor layout and simulated
Q-factor and inductance. For one lobe of the o-shaped
inductor, the internal distance is 87.4 µm×70 µm. For the
8-shaped inductor, the internal distance is 85 µm× 26 µm.
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FIGURE 6. (a) Layout for interference study with the 8-shaped aggressor
and o-shaped victim by varying the aggressor-victim distance td = 10µm,
20µm, 30µm. (b) Vo/Vin. (c) Coupling factor of 8-shaped.

Fig. 10 to Fig. 13 show the same analysis method as a
center-tapped inductor and obtain the same trend.

Simulation shows the substrate noise coupling between
victim and aggressor is dominant by the substrate coupling.
Shrinking the substrate thickness reduces the noise coupling,
and by varying the aggressor-victim distance, the 8-shaped
inductor exhibits a significant reduction in coupling. The
8-shaped inductor shows significantly reduced coupling for
the victim sitting along the symmetric axis of the two lobes
with current flowing in the opposite direction.

Modern RFICs have achieved an impressively high inte-
gration level, making cross-coupling effects among different
sections of the circuit a potential limit to their function-
ality. Integrated spiral inductors are a potential source of
EM interference. In conventional integrated circuit technolo-
gies, a grounded metal guard ring (MGR) is widely used to
mitigate the coupling effect between any pair of inductors.
Full-wave electromagnetic (EM) simulation results indicate
that the guard ring size can significantly affect the inductance

FIGURE 7. (a) Layout for interference study with o-shaped aggressor and
o-shaped victim by varying the substrate thickness tsub =3µm, 30µm,
300µm and fixed distance td =10µm. (b) Vo/Vin. (c) Coupling factor.

value of a single-turn planar inductor. The present analysis
shows the 6-shaped inductor reduces the cross-talk level.

IV. SIMULATED SURFACE CURRENT DENSITY
Fig. 14(a) shows simulated surface current density in the
center-tapped 8-shaped inductor excited in the differential
mode and the common mode. The applied frequency is
0.01 GHz. Fig. 14(b) shows simulated surface current density
in the 8-shaped inductor excited in the DM and the CM
modes. The applied frequency is 40 GHz. Fig. 14(c) shows
simulated surface current density in the 8-shaped inductor
excited in the DM and the CMmodes. The applied frequency
is 81 GHz.

The CM mode shows lower current density. Fig. 15(a)
shows simulated surface current density in the o-shaped
inductor excited in the differential mode and the common
mode. The applied frequency is 0.01 GHz. Fig. 15(b) shows
simulated surface current density in the o-shaped inductor
excited in the DM the CM modes. The applied frequency
is 40 GHz. Fig. 15(c) shows simulated surface current density
in the o-shaped inductor excited in the DM the CM modes.
The applied frequency is 81 GHz. The CMmode shows lower
current density.

Fig. 16(a) shows simulated surface current density in the
8-shaped inductors excited in the differential mode. No CM
mode because of no center tap. The applied frequencies are
0.01 GHz, 40 GHz, and 70 GHz. Fig. 16(b) shows simulated
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FIGURE 8. (a) Layout for interference study with 8-shaped aggressor and
8-shaped victim by varying the substrate thickness tsub =3µm, 30µm,
300µm and fixed distance td =10µm. (b) Vo/Vin. (c) Coupling factor.

FIGURE 9. (a) Layout of octagonal and 8-shaped inductors. (b) Simulated
Q-factor and inductance of octagonal inductor and 8-shaped inductor.

surface current density in the o-shaped inductor excited in the
DM mode. The applied frequencies are 0.01 GHz, 40 GHz,

FIGURE 10. (a) Layout for interference study with o-shaped aggressor
and o-shaped victim by varying the aggressor-victim distance td = 10µm,
20µm, 30µm. (b) Vo/Vin. (c) Coupling factor of o-shaped.

and 70 GHz. In the DM mode, the inner edge of the top lobe
shows higher current density.

V. MEASUREMENT RESULTS
The photos of two ×6 ILFMs shown in Fig. 17 have
been designed and fabricated in the TSMC 90 nm CMOS
technology. The die micrographs occupy the same area
of 0.7 × 0.7 mm2.
The two ×6 ILFMs are measured via fully on-wafer prob-

ing, PGPPGP for DC signal, and GSGSG for high-frequency
signal. A Keysight E8257D signal generator is used to pro-
vide the input signal. The output of the ILFM was analyzed
using a Keysight E4448A spectrum analyzer. All losses asso-
ciated with the probe, cable, and connector were embedded
in the measurement results. The output path loss is approxi-
mately 13.5 dB at 40 GHz.

A. MEASUREMENT OF THE ×6 ILFM USING
OCTAGONAL INDUCTOR
Fig. 18 shows measured free-run and locked spectra of ILFS
buffer output at VDD = 0.4 V. The output cable loss is 13.5 dB
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FIGURE 11. (a) Layout for interference study with 8-shaped aggressor
and 8-shaped victim by varying the aggressor-victim distance td = 10µm,
20µm, 30µm. (b) Vo/Vin. (c) Coupling factor.

at 40 GHz. Therefore, the actual output power is approxi-
mately -6.5 dBm. The power consumption is 6.9 mW at the
free-run frequency and 9.03 mW at the injection frequency of
6.92 GHz. Fig. 19 shows measured phase noises of the locked
ILFS of the sixth harmonic and the injection signal from the
signal generator. The phase noise at 1 MHz frequency offset
from the 41.52 GHz carrier is -118.08 dBc/Hz.

Fig. 20 illustrates the measured locking range at 0 dBm
input power. Fig. 21(a) shows measured ×6 harmonic output
power levels over different input power at the input frequency
finj of 6.8 GHz, the ILFS operates normally irrespective of
input power level. It can be observed that the maximum
output power is achieved when the input power is -5 dBm.
As injection power increases, the injection MOSFET shows
larger channel conductance. Fig. 21(b) shows measured ×6
harmonic output power over the frequency range of interest
with the input power of 0 dBm. It can be observed that the
further away from the free-run frequency, the smaller the
output power.

Fig. 22(a) shows the measured free-run spectrum of the
ILFS output buffer, the carrier is at 41.83 GHz, and its output
power is -20.45 dBm. Other harmonics are smaller than the
carrier by more than 6.65 dB. Fig. 22(b) shows the measured
locked spectrum of ILFS buffer output, it contains more har-
monics than those shown in Fig. 22(a) and the harmonics are

FIGURE 12. (a) Layout for interference study with the o-shaped aggressor
and o-shaped victim by varying the substrate thickness tsub =3µm, 30µm,
300µm and fixed distance td =10µm. (b) Vo/Vin. (c) Coupling factor.

caused by the leakage of injection signal andmixing products.
The sixth harmonic is larger than the 1st harmonic by 6.28dB.
Caused by the unbalanced layout or measurement setup, the
phase difference of the ILFS inputs may be not exactly 180o,
the injected fundamental is leaked to the ILFS outputs and it
induces a doubler frequency signal at the ILFS output. The
fundamental leakage is suppressed by the ILFS load filter,
and the doubler leakage in the ILFS output is also sup-
pressed. Another unbalanced factor is themeasurement setup.
From Fig. 2, we can observe that the signal generator has a
single-ended output and needs to be converted to a differential
output using a balun. Additionally, the balun differential out-
put requires an individual cable path and bias-tee to provide
DC bias for the injection MOSFETs and final through the
GSGSG differential signal probe. As a consequence, it causes
amplitude and phase mismatching, resulting in excessive har-
monics.

Unfortunately, correcting high-frequency differential input
amplitude and phase mismatching is very challenging
because it requires the use of a high-frequency oscilloscope or
network analyzer. Even if mismatching is identified, it is chal-
lenging to correct it with the existing resources, especially the
mismatching caused by the GSGSG probe.

The final reason is that, due to the limited area, the dis-
tance between signals is restricted, resulting in coupling
between signal lines and causing excessive harmonics. Later,
we will mention that the ILFS with the 8-shaped inductor
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FIGURE 13. (a) Layout for interference study with 8-shaped aggressor
and 8-shaped victim by varying the substrate thickness tsub =3µm, 30µm,
300µm and fixed distance td =10µm. (b) Vo/Vin. (c) Coupling factor.

significantly improves the coupling between signals, and this
has been verified through measurements.

B. MEASUREMENT OF THE ×6 ILFM USING 8-SHAPED
INDUCTOR
The measurement items for the 8-shaped inductor ILFS are
the same as for the previous octagonal inductor ILFS. Fig. 23
shows measured free-run and locked spectra of ILFS buffer
outputs at VDD = 0.4 V. The output cable loss is 13.5 dB
at 40 GHz. Therefore, the actual output power is approxi-
mately -1 dBm. The power consumption is 5.53 mW at the
free-run frequency and 7.72 mW at the injection frequency of
6.2 GHz. Fig. 24 shows measured phase noises of the locked
ILFS of the sixth harmonic and the injection signal from
the signal generator. The phase noise at 1 MHz frequency
offset from 37.2 GHz carrier is -120.7 dBc/Hz. Fig. 25 illus-
trates the measured locking range at 0 dBm input power for

FIGURE 14. The center-tapped 8-shaped inductor. (a) Simulated DM/CM
surface current density at 0.01 GHz. (b) Simulated DM/CM surface current
density at 40 GHz. (c) Simulated DM/CM surface current density
at 81 GHz.

FIGURE 15. The center-tapped o-shaped inductor. (a) Simulated DM/CM
surface current density at 0.01 GHz. (b) Simulated DM/CM surface current
density at 40 GHz. (c) Simulated DM/CM surface current density
at 81 GHz.

various VDD levels. Fig. 26(a) shows measured ×6 harmonic
output power levels over different chip input power at the
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FIGURE 16. The differential inductor. (a) Simulated DM surface current
density of 8-shaped inductor at 0.01 GHz,40 GHz, and 70 GHz.
(b) Simulated DM surface current density of o-shaped inductor at
0.01 GHz, 40 GHz, and 70 GHz.

FIGURE 17. Chip micrograph of the ×6 ILFM’s. (a) ×6 ILFM using
octagonal inductor. (b) ×6 ILFM using 8-shaped inductors.

input frequency finj of 6.2 GHz. Fig. 26(b) shows measured
×6 harmonic output power over the frequency range of inter-
est with the input power of 0dBm. The maximum output
power is achieved when the input power is -5dBm, it exhibits
the same trend as the measurement results of the ×6 ILFM
using an octagonal inductor.

Fig. 27(a) shows the measured free-run spectrum of the
ILFS output buffer, the carrier is at 37 GHz and its output

FIGURE 18. Measured ×6 free-run and locked spectra.

FIGURE 19. Measured phase noises of the locked ILFS of the sixth
harmonic and the injection signal from the signal generator.

FIGURE 20. Measured ×6 output sensitivity using an octagonal inductor.

power is −16.07dBm. Other harmonics are smaller than the
carrier by more than 37.03dB. Fig. 27(b) shows the measured
locked spectrum of ILFS buffer output, the sixth harmonic
is larger than the 1st harmonic by 15.96dB. The harmonic
rejection performance is significantly better than ×6 ILFM
using an octagonal inductor. The measurement results verify
that the 8-shaped inductor ×6 ILFM significantly reduces
signal coupling between inductors. These results are the same
as the previously mentioned inductor analysis trend.
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FIGURE 21. Measured ×6 harmonic output power at (a) different input
power at the input frequency of finjof 6.8 GHz, and (b) output power
versus the frequency range of interest with the input power of 0 dBm.

Actually, these two ×6 ILFMs only differ in the induc-
tor type, where the inductor was changed from o-shaped
to 8-shaped, while all other component parameters remain
unchanged and the layout remains completely unchanged.
Therefore, in the pursuit of smaller area system circuits, uti-
lizing 8-shaped inductors to address coupling between signals
proves to be a powerful and practical approach. However,
we also encountered the same issue as before, the unbalanced
layout or measurement setup resulted in the harmonic rejec-
tion performance being not as perfect as desired.

Table 1 shows the performance summary and comparison.
The performance comparison table clearly demonstrates that
the 8-shaped inductor ×6 ILFM outperforms the O-shaped
inductor ×6 ILFM by a significant margin. Moreover, when
compared to other literature, it maintains a highly competi-
tive edge.

VI. DISCUSSION
With the aggressive scaling of CMOS technologies in recent
years and due to the fast-growing emerging applications
in ultra-high-speed wireless/wireline communications, high-
resolution imaging, and sensing systems, more and more
integrated circuits are designed and implemented for signal
generation at millimeter-wave (mm-wave), automotive radar
system and terahertz (THz) frequencies [7], [23]. Frequency
multipliers are widely used in the aforementioned scenarios.
In addition to the integration with the frequency synthesizer

FIGURE 22. Measured output spectra of the ILFS under (a) free-running,
(b) injection-locked, covering the full range.

FIGURE 23. Measured ×6 free-run and locked spectrum for the 8-shaped
ILFS.

to offer a local frequency source, the ILFS can simplify the
circuit architecture in the frequency multiplier chain for driv-
ing mixers above 200 GHz transceivers [23]. The sixtuplers
reduce the stages of frequency multipliers and hence the die
area, design complexity, and power consumption reduce too.

In extremely high-frequency applications, frequency mul-
tipliers also offer significant advantages in terms of high
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TABLE 1. Performance summary and comparison.

FIGURE 24. Measured phase noises of the locked ILFS of sixth harmonic
and the injection signal from signal generator.

FIGURE 25. Measured ×6 output sensitivity using octagonal inductor.

integration and scalability. The proposed ILFS with simple
structure, it is easy to operate at another frequency band by
tuning the size of the 8-shaped inductors or connecting the
switched capacitor array. Integrated with the input and output
buffers it is also easy to integrate with other RF components to
form a larger RF system without significant modifications of
the ILFSs. One transceiver architecture application example

FIGURE 26. Measured ×6 harmonic output power at (a) different input
power at the input frequency of finjof 6.2 GHz, and (b) output power
versus the frequency range of interest with the input power of 0 dBm.

is shown in Fig. 28, the ILFS provides the local signal to the
mixer to up- or down-convert the signal while lowering the
operation frequency of the PLL for performance enhance-
ment of the PLL and the overall system.

Due to the impact of Process-Voltage-Temperature (PVT)
variation, flexibility and adjustability are essential in the
system. A post-layout simulation for PVT analysis is used to
ensure the correct circuit operation. Following the concept of
the multi-mode oscillator design [20], [24], multi-mode and
multi-band ILFSs can be designed bymodifying the resonator
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FIGURE 27. Measured output spectra of the ILFS under (a) free-running,
and (b) injection-locked, covering the full range.

FIGURE 28. The architecture of integrated X6 Frequency Multipliers with
PLL and TRXs.

with L1from Fig. 2 or connecting a switchable capacitor bank.
The inductor and capacitor dimension is tuned in iteration to
fit the application specification.

A circuit [25] composed of a power amplifier and a fre-
quency divider with a multi-turn twisted inductor showsmag-
netic coupling reduction experimentally. The proposed sixtu-
pler under interference from other RF components will show
a similar reduction of coupling because injection-locked fre-
quency divider and frequency multiplier belong to the same
class of injection-locked oscillators.

VII. CONCLUSION
This paper presents two mm-wave single-stage fully inte-
grated n-core CMOS LC-tank injection-locked frequency

sixtuplers that combine an injection-locked frequency tripler
and a push-push frequency doubler. The two successfully
implemented ILFSs in 90nmCMOS show good locking range
and phase noise performance. The simulation results confirm
that the 8-shaped inductor ×6 ILFM significantly reduces
signal coupling, leading to improved harmonic suppression
performance. To our knowledge, this is the first reported
ILFM employing the 8-shaped inductors for frequency dou-
bler, frequency tripler, and the first-harmonic ILO for high
EMI performance.
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