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Abstract—This paper proposes Progressive Mixing Injection
Locked Frequency Divider (PMILFD) technique that enhances
the locking range for higher division ratios. The wide locking
range is achieved through the use of progressive mixing approach
contrary to the conventional method that uses direct mixing to
generate the injection signal. This allows for the use of lower
and much stronger harmonics in the mixing process resulting in
a stronger injection effect. Two 20GHz PMILFDs were designed
based on this approach to perform division by 4 and 8 using 65nm
CMOS process. The divide-by-4 PMILFD achieves a 7.9GHz
(31.4%) locking range and the divide-by-8 achieves 3.4GHz
(15.5%) while consuming 3.9mW and 7.1mW, respectively.

I. Introduction

Applications requiring high data rate transfer has been grow-
ing lately especially in the area of multimedia applications like
high definition video. Since the lower frequency band around
few GHz is already crowded with standards, higher frequency
bands that has lower number of standards became more
attractive. Moreover, since an affordable process like CMOS
has enough bandwidth to cover these bands, implementation
cost is reduced .

To design such high frequency transceivers, high frequency
PLL systems like the one in Fig.1 are needed to generate the
Local Oscillator (LO) signal. These PLLs employ frequency
dividers to downconvert the VCO signal since the reference
frequency is usually much lower than the VCO frequency.
Usually, digital counters are used as frequency dividers in
PLLs operating at few GHz frequency. However, for much
higher frequency analog dividers are employed. They are
implemented as Current Mode Logic (CML) dividers and
Injection Locked Frequency Dividers (ILFD). CML dividers
are more robust and have a wide locking range for a divide-
by-2 operation but have a high power consumption. They
are often cascaded [1] to achieve a frequency where digital
dividers can operate. ILFDs on the other hand consume much
less power and can divide by higher than 2, which further
saves power. However, they suffer from a narrow locking
range especially for division ratios that are higher than 2.
Several ILFDs with a divide ratio of 4 have been reported
in literature that use various methods to improve the locking
range. These methods include cascading two divide by 2
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Fig. 1. High frequency synthesizer architecture

ILFDs [2] [3] [4], varactor tuning [5], inductive peaking [6]
and filtering [7]. Still, these dividers have relatively narrow
locking range. For higher division ratio ILFDs, locking range
is much narrower [8] [9] which make them not suitable for
practical applications. However, all these ILFDs use the same
principle of direct mixing to generate the correct harmonic
to be injected into the oscillator for locking. As this method
is not suitable for higher division ratios, progressive mixing
is proposed to enhance the locking range for higher division
ratios. In addition, the proposed method avoids phenomenas
like locking range overlapping were regular ILFDs fail to
operate or false locking in which an ILFD would lock to a
false division ratio due to PVT variations that would change
the free-running frequency.

II. Injection Locking

A. Conventional ILFD Model

Conventional ILFDs follow a model similar to the one
shown in Fig.2. In this model, the fundamental frequency
fo passes through the nonlinear transconductance of the tran-
sistor, which generates many higher order harmonics. When
the oscillator is not injected, these harmonics will be much
attenuated by the built-in LPF in the oscillator. However, in
the case of an injection applied to the oscillator, these har-
monics will mix with the injected signal and many additional
harmonics are generated. If one of these harmonics is close to
the oscillator free-running frequency and has enough power,
the oscillator frequency will be pulled and it will lock to
that harmonic [10]. This is mainly a direct conversion where
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Fig. 2. Conventional ILFD model

the (N − 1)th harmonic is mixed with the injected signal at
the Nth harmonic to generate a harmonic that is close to the
oscillator fundamental harmonic and thus pull it. Therefore,
as N becomes higher, the locking range becomes narrower
since the (N − 1)th is much weaker. Moreover, level of the
desired harmonic of the ILFD cannot be controlled since
the generation process is not linear and is affected by many
factors like topology, PVT variations and mismatch. As a
consequence, any change in the level of other harmonics might
disrupt the locking process which reduces the locking range
and might limit the injection power required for a certain
division ratio [7].

B. Proposed ILFD Model

The proposed PMILFD uses a multistep conversion model
as shown in Fig.3 for a two-step divide-by-4 and a three-step
divide-by-8 configuration. In this configuration the injected
signal at the Nth harmonic is mixed with the ( N

2 )th harmonic
of the oscillator fundamental frequency and then again by the
( N

4 )th harmonic and so on log2 N times until a harmonic that
is close to the oscillator fundamental is generated. So for a
divide-by-4 configuration as shown in Fig.3 (a), the injected
signal is mixed first with the second harmonic and again by
the fundamental to generate a harmonic that is close to the
fundamental in order to pull and lock it. As for the divide-by-
8 configuration shown in Fig.3 (b), the injected signal is mixed
with the fourth harmonic and then again by the second and
finally by the fundamental to generate a signal that is close
to the fundamental to lock it. The main advantage is that the
injected signal is mixed with ( N

2 )th harmonic instead of the
conventional (N − 1)th since the former is much stronger than
the later and thus will produce a stronger injection signal.
The figure shows that in order to implement a PMILFD,
higher harmonics of the fundamental need to be generated.
This can be performed by using a push-push architecture that
combines N phases of a signal to cancel all the harmonics up
to the N−1 and to generate and enhance the Nth harmonic.
Using this approach will filter out all the lower and much
stronger harmonics that would disrupt the injection process
and will leave the desired one that will be mixed with the
injected signal. Therefore, overlapping between division ratios
is eliminated since the injected signal will be mixed with the
strongest harmonic at each mixing stage.

A feature of such an architecture is that the intermediate
stages can also be used to inject a signal for lower division
ratios. Fig.3 (a) shows that by switching the injection point
from 4fo input to 2fo input, the ILFD can be used as a
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Fig. 3. Proposed PMILFD model

divide-by-2 where both can have a wide locking range. Also,
overlapping between the locking ranges at different input
would not disrupt locking but allows the PMILFD to be used
as a dual modulus divider without tuning.

III. Circuit Implementation

Fig.4 shows the circuit topology that is used to implement
divide-by-4 PMILFD. It consists of a four-stage differential
ring oscillator. The delay cell diagram is depicted in Fig.4
(b) where PMOS transistors are used as a variable resistor
load for frequency tuning. The common node at the bottom of
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the delay cell where the tail transistors is connected oscillates
at twice the fundamental and it is the point where push-
push operation takes place. In a conventional ILFD topology,
the tail transistors M1-M5 source terminals are connected to
ground. However, in the proposed topology the source of M1
is connected to the source of M3 to the tail transistor M5 since
they operate in a differential fashion at the second harmonic.
The sources of M2 and M4 are also connected together with
M6 in a similar fashion. This makes M1-M4 form an oscillator
that is running at twice the fundamental where it will be
suitable to inject the fourth harmonic at RF4 input at the tail
transistors M5-M6. Also, as mentioned in the previous section,
intermediate stages can be used as an injection point for lower
division ratios. Therefore, the gate of transistors M1 and M3
were used as a second input (RF2) if the PMILFD is to be
used as a divide-by-2 circuit.

For the divide-by-8 PMILFD, a similar structure is used
that consists of an eight-stage differential ring oscillator with
a similar delay stage structure to the divide-by-4 one. The tail
transistors of each delay stage were connected in a similar
way as the divide-by-4 to generate the second harmonic at
the first tail transistors. However, the second tail transistors
were not connected to ground and instead connected together
as the previous ones to create a differential oscillator running
at the fourth harmonic with two additional tail transistors with
sources that are connected to ground. The final tail transistors
were used to inject the signal at the 8th harmonic to perform
a divide-by-8 operation. As for the intermediate points of
injection, only divide-by-4 (RF4) inputs were used due to
a measurement setup limitation. However, theoretically, the
divider can have three inputs for division by 8,4, and 2.

IV. Measurement Results

The two PMILFD dividers were fabricated in a 65nm
CMOS process to verify their operation. On-chip probing is
used to measure both dividers where the differential input
is generated using a 180o hybrid coupler. The divide-by-4
PMILFD consumes 3.9mW from a 1.2V supply and has a
free-running tuning range from 2GHz to 8GHz. Fig.5 shows
the locking range for divide-by-2 operation at RF2 input in
the divide-by-4 PMILFD with 2.5GHz (53.7%) and up to
11.6GHz (92.1%) locking range at the highest frequency. The
divide-by-4 input (RF4) has a 3.7GHz (39.7%) and up to
7.9GHz (31.4%) at the highest frequency around 20GHz as
shown in Fig.6. Measurement also showed that there is an
overlap between divide-by-2 operation with input applied to
RF2 terminal and divide-by-4 operation with input applied
to RF4 terminal. Since the overlap is at different inputs,
the divider will only switch from divide-by-4 to divide-by-
2 operation when the input terminal is switched from RF4 to
RF2 contrary to the conventional divider that fails to operate
in such a region. Fig.7 shows the locked spectrum at 5.57GHz
with an input 22.28GHz applied to RF4 terminal.

As for the divide-by-8 PMILFD, it consumes 7.1mA from a
1.2V supply and has a free-running tuning range from 1.6GHz
to 5.3GHz. Locking range for divide-by-4 input (RF4), as

Fig. 5. Divide-by-2 locking and operation range with input applied to RF2
terminals of the divide-by-4 PMILFD
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Fig. 6. Divide-by-4 locking and operation range with input applied to RF4
terminals of the divide-by-4 PMILFD

Fig. 7. Free-running and Locked PMILFD output spectrum

given in Fig.8, is 2.1GHz (30.4%) and up to 4GHz (31.8%)
at the highest frequency. Fig.9 plots the locking range for
the divide-by-8 input which shows a 2.1GHz (15.2%) and up
to 3.8GHz (14.6%) locking range at the highest frequency
around 23GHz. Frequencies higher than 26GHz and divide-
by-2 measurements were not possible because of measurement
setup and equipment limitations. Chip photo is given in
Fig.10 in which the divide-by-4 PMILFD active area occupies
52µm×48µm and 66µm×86µm for the divide-by-8 one. Table I
gives a comparison between this work and recently published
ILFD papers with higher division ratios showing that both
ILFDs achieve the widest locking range in their class.



TABLE I
Performance comparison between proposed work and similar state-of-the-art ILFDs

PMILFD4 PMILFD8 [6] [3] [5] [2] [11] [9]
CMOS Process 65nm 65nm 90nm 65nm 90nm 180nm 130nm 180nm

Supply [V] 1.2 1.2 0.5 1.2 0.5 2.5 1.2 18
Division Ratio 2, 4 4, 8 2, 4 2, 4 4 4 4 2, 4, 6, 8

Lock Range [GHz]
(without tuning)

÷2 11.6 (92.1%) − 23 (34.3%) 12.1 (15.3%) − − − 2 (55.6%)
÷4 7.9 (31.4%) 4 (31.8%) 6.5 (7.3%) 1.9 (2.4%) 1.6 (2.3%) 2.3 (5.8%) 5.4 (21.7%) 1.6 (22.2%)
÷8 − 3.8 (15.1%) − − − − − 0.25 (1.7%)

Power [mW] 3.9 7.1 3.0 12.4 (÷4) 2.75 30.8 6 6.8
Area [mm2] 0.003 0.006 0.064 0.978 0.014 0.350 0.140 0.007

Continuous Tuning

Fig. 8. Divide-by-4 locking and operation range with input applied to RF4
terminals of the divide-by-8 PMILFD

Fig. 9. Divide-by-4 locking and operation range with input applied to the
bottom tail transistors of the divide-by-8 PMILFD

V. Conclusion

This paper proposes the concept of Progressive Mixing
ILFD (PMILFD) to widen the locking range of higher division
ratios. This is done through a multistep downconversion of
the injected signal instead of the conventional approach that
uses direct conversion to generate the necessary harmonic.
Using this concept, two 20GHz PMILFDs were designed to
divide-by-4 in two steps and to divide-by-8 in three steps.
Measurement results show that both dividers achieve a very
wide locking range compared to recently reported ILFDs.

Acknowledgment

This work was partially supported by MIC, SCOPE, MEXT,
STARC, NEDO, Canon Foundation, and VDEC in collabora-

Fig. 10. Divide-by-4 PMILFD (on the left) and divide-by-8 PMILFD (on
the right) chip photos

tion with Cadence Design Systems, Inc., and Agilent Tech-
nologies Japan, Ltd.

References
[1] A. Musa, R. Murakami, T. Sato, W. Chiavipas, K. Okada, and A. Mat-

suzawa, “A 58-63.6GHz Quadrature PLL Frequency Synthesizer in
65nm CMOS,” in Proceedings of IEEE Asian Solid-State Circuits
Conference Digest of Technical Papers, Nov. 2010, pp. 189–192.

[2] J. Lee and B. Razavi, “A 40-GHz frequency divider in 0.18-µm CMOS
technology,” IEEE Journal of Solid-State Circuits, vol. 39, no. 4, pp.
594 – 601, April 2004.

[3] P. Mayr, C. Weyers, and U. Langmann, “A 90GHz 65nm CMOS
Injection-Locked Frequency Divider,” in IEEE International Solid-State
Circuits Conference Digest of Technical Papers, Feb. 2007, pp. 198–199.

[4] Z.-D. Huang, C.-Y. Wu, and B.-C. Huang, “Design of 24-GHz 0.8-V
1.51-mW Coupling Current-Mode Injection-Locked Frequency Divider
With Wide Locking Range,” IEEE Transactions on Microwave Theory
and Techniques, vol. 57, no. 8, pp. 1948–1958, Aug. 2009.

[5] K. Yamamoto and M. Fujishima, “70GHz CMOS Harmonic Injection-
Locked Divider,” in IEEE International Solid-State Circuits Conference
Digest of Technical Papers, Feb. 2006, pp. 2472–2481.

[6] C.-C. Chen, H.-W. Tsao, and H. Wang, “Design and Analysis of
CMOS Frequency Dividers With Wide Input Locking Ranges,” IEEE
Transactions on Microwave Theory and Techniques, vol. 57, no. 12, pp.
3060 –3069, Dec. 2009.

[7] S. Hara, K. Okada, and A. Matsuzawa, “10MHz to 7GHz quadrature
signal generation using a divide-by-4/3, -3/2, -5/3, -2, -5/2, -3, -4, and
-5 injection-locked frequency divider,” in Symposium on VLSI Circuits,
Digest of Technical Papers, June 2010, pp. 51–52.

[8] F. Huang, D. Lin, H. Wang, W. Chiu, and Y. Chan, “20 GHz CMOS
injection-locked frequency divider with variable division ratio,” in IEEE
Radio Frequency Integrated Circuits Symposium, Digest of Papers, June
2005, pp. 469 – 472.

[9] M. Acar, D. Leenaerts, and B. Nauta, “A wide-band CMOS injection-
locked frequency divider,” in IEEE Radio Frequency Integrated Circuits
Symposium, Digest of Papers, June 2004, pp. 211–214.

[10] B. Razavi, “A Study of Injection Locking and Pulling in Oscillators,”
IEEE Journal of Solid-State Circuits, vol. 39, no. 9, pp. 1415–1424,
Sept. 2004.

[11] C.-C. Chen, C.-H. Wang, B.-J. Huang, H.-W. Tsao, and H. Wang,
“A 24-GHz divide-by-4 injection-locked frequency divider in 0.13-µm
CMOS technology,” in Proceedings of IEEE Asian Solid-State Circuits
Conference Digest of Technical Papers, Nov. 2007, pp. 340–343.


