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Abstract—In this paper, we integrate a divide-by-3 
injection-locked frequency divider (ILFD) in CMOS 
technology with a 0.18-μm BiCMOS process. We 
propose a self-injection technique that utilizes 
harmonic conversion to improve the locking range, 
phase-noise, and input sensitivity simultaneously. The 
proposed self-injection technique consists of an odd-
to-even harmonic converter and a feedback amplifier. 
This technique offers the advantage of increasing the 
injection efficiency at even harmonics and thus 
realizes the low-power implementation of an odd-
order division ILFD. The measurement results using 
the proposed self-injection technique show that the 
locking range is increased by 47.8% and the phase 
noise is reduced by 14.7 dBc/Hz at 1-MHz offset 
frequency with the injection power of -12 dBm. The 
designed divide-by-3 ILFD occupies 0.048 mm2 with a 
power consumption of 18.2-mW from a 1.8-V power 
supply.    
 
Index Terms—Injection-locking, frequency divider, 
self-injection, locking-range, phase noise, sensitivity    

I. INTRODUCTION 

The injection-locked frequency divider (ILFD) has 
received strong interest from the scientific community 
due to its high frequency and low power operation [1]. 
The ILFD can be used to interface and divide high-
frequency voltage controlled oscillator (VCO) signals 
within the phase-locked loop and the frequency 
synthesizer with better energy efficiency than the 
conventional flip-flop and CML based divider. However, 
the use of ILFD has been limited due to its narrow 
locking range, which defines a range over which a 
frequency-division operation is supported. The division-
ratio is another limiting factor that hinders the 
application of ILFD. The novelty of this research is that 
it addresses both of these limitations by employing self-
injection with harmonic conversion in the feedback path. 

The differential ILFD structure based on the LC 
resonator is widely used for its good phase noise. The 
differential ILFD based on LC resonator can be viewed 
as a special type of regenerative divider with a single-
balanced mixer [2, 3]. Since the mixing action of the 
cross-coupled differential pair only generates odd-order 
mixing products, it is inherently suitable for even-order 
division ILFD [4]. Several efforts have been made to 
devise a divide-by-3 ILFD as the most prevalent odd-
order divider [4-6], but these works suffered from either 
limited locking range or large input sensitivity. In [5], a 
single-ended injection signal with four series inductors 
across the differential outputs was utilized to enable a 
high load impedance for the 3rd harmonic. The work in 
[6] proposed a linear mixer technique that offers a linear 
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relationship between the injection signal and the output 
signal with an increased locking range. In [4], a tail 
injection was used and the injecting device was operated 
as a non-linear mixer; however, it requires large supply 
headroom due to its cascaded structure. All of these 
approaches relied on the spurious harmonic components 
in their regeneration process. Thus, they required large 
external injection power to be injection-locked with good 
performance. In other words, previous divide-by-3 
ILFDs suffered from the need for a trade-off between the 
external injection power level and the locking range. 

In this paper, we aim to develop a divide-by-3 ILFD 
employing a self-injection technique. The self-injection 
path is comprised of an odd-to-even mode harmonic 
converter, a feedback amplifier, and an NMOS cross-
coupled pair as a switching mixer. The fundamental 
tones at the output of the divide-by-3 ILFD are converted 
to 2nd order components by the odd-to-even mode 
harmonic converter. The feedback amplifier enhances the 
minimum sensitivity by improving the signal level of the 
2nd order components to the NMOS cross-coupled pair. 
Due to the band-pass filtering action of the LC resonator, 
loop-gain is maximized only at the difference frequency 
of the external injection ( 3 ow ) signal and the self-

injection signal ( 2 ow ), preventing undesired locking at 
incorrect harmonics. The proposed divide-by-3 ILFD 
then improves the locking range, phase noise, and input 
sensitivity simultaneously due to the maximized 
regeneration at the divide-by-3 frequency ( ow ).  

The remainder of this paper is organized as follows. 
Section II discusses the operation principle of the circuit, 
Section III presents the measurement results, and the 
concluding remarks are given in Section IV. 

II. ARCHITECTURE 

A circuit schematic of the conventional tail injection 
and direct injection frequency divider is shown in Fig. 1. 
The tail injection method in Fig. 1(a) utilizes the current 
source of the frequency divider as a single-ended 
injection point; however, due to the large parasitics 
present at the common node of the cross-coupled pair, 
this method shows a narrow locking range [2-4]. To 
improve the injection efficiency, the direct injection 
methods shown in Fig. 1(b) can be utilized in voltage 

injection, current injection, or both [5-8]. While direct 
injection methods can improve the locking range 
significantly, they are only suitable for even-order 
division ratio, due to the odd symmetry of the differential 
pair. 

In addition to the direct injection for an external signal, 
we propose the self-injection method to enable the odd-
order division ILFD, a conceptual block diagram of 
which is shown in Fig. 2. A differential signal at 3 ow  is 
applied as an input to the cross-coupled pair through 
direct-injection. To facilitate an efficient divide-by-3 
operation, an odd-to-even harmonic converter is utilized 
to provide even-order harmonics (mainly 2 ow ) from the 
differential output of ILFD at the fundamental frequency 
( ow ). To improve the locking range of the ILFD and 
enhance the minimum sensitivity, a feedback path is 
created through the feedback amplifier and the mixing 
operation of the cross-coupled pair is then performed. 

 

Fig. 1. Conventional ILFD (a) tail injection frequency divider,
(b) direct injection frequency divider. 

 

 

Fig. 2. Block diagram of the proposed divide-by-3 ILFD. 
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The amplified self-injection signal at 2 ow  through the 
auxiliary feedback path is mixed with the main injection 
signal at 3 ow  to produce a divide-by-3 signal at ow  as 
a result of the band-pass filter action of the LC resonator. 

Fig. 3 shows the schematic of the proposed divide-by-
3 ILFD with the self-injection feedback path. An external 
injection signal is directly injected through the MOS 

resistor switch ( 5,6M ) over the tank [7]. The output LC 

tank is composed of a T-network with two series 

inductors (tapped at the center by a shunt capacitor ( pC )), 

and a varactor ( varC ) in parallel with the differential 
output. The T-network combines two differential signals 
and only produces even harmonics, hence effectively 
functioning as an odd-to-even harmonic converter. The 
response of the T-network to each differential pair output 
can be represented by the following power series: 

  
 2 3

1,2 1 2p xV x x xa a a= +× ×+× +L  (1) 
 
The differential signal at the output of ILFD can then 

be combined into the following equation, with the odd 
mode harmonics cancelled. 
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As shown in (2), the fundamental tones and spurious 
odd-order harmonics available at the differential output 
are converted to even-order harmonics at the center-node 

of the harmonic converter and will be amplified by the 
feedback amplifier. The feedback amplifier is a tuned 
common-source amplifier at 2 ow  in order to provide a 
strong self-injection signal for the NMOS cross-coupled 
pair. The input and output are AC coupled to ease the 
biasing. The feedback amplifier is simply tuned by 
supply modulation. 

The locking range of ILFD was derived analytically as 
[9-11] 
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, where injI  and oscI  are the injection and oscillation 

currents, respectively. Based on (3), the locking range 
can be enlarged by increasing the injection signal level 
[11], lowering the output amplitude [12], and reducing 
the quality factor of the LC-resonator [13]. These 
approaches, however, require an external injection source 
that has a large power level. In a fully integrated 
frequency synthesizer, the injection signal is supplied by 
an internal VCO and its voltage swing is typically limited, 
imposing a strong constraint on the ILFD locking range. 
The proposed self-injection technique amplifies the 2nd 
harmonic signal prior to the mixer and can enhance the 
locking range despite the limited and frequency 
dependent injection signal from VCO. The magnitude of 
external injection as well as self-injection can be 
expressed as: 
 

 , 5,6ext inj m injI g V= ×  (4) 
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where α  is the odd-to-even harmonic conversion factor. 

,m fbg  and LQ  are the trans-conductance and quality 

factor of the load inductor for the feedback amplifier, 
respectively. 

The locking range enhancement of the proposed 
divide-by-3 ILFD is then related to the external injection 

( ,ext injI ) and self-injection ( ,self injI ) as follows: 

 ( ), ,
o
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I I
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w
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Fig. 3. Schematic of the proposed divide-by-3 ILFD. 
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III. MEASUREMENT RESULTS 

The proposed divide-by-3 ILFD was fabricated in the 
Jazz 0.18-mm BiCMOS process and encapsulated in a 
quad flat no leads (QFN) package to connect the DC 
pads and output. The output of the divide-by-3 ILFD 
core is connected to an inverter-type buffer amplifier to 
reduce the loading effect and to improve the isolation 
between the core and the output port. The external 
injection signal was applied by on-wafer probing. Die 
photographs of the proposed divide-by-3 ILFD and 
packaged chip mounted on FR-4 board are shown in Fig. 
4. While the total chip area is 2.2 mm2, the ILFD core 
occupies only 0.048 mm2. 

Using different capacitor array settings and control 
voltages, the designed divide-by-3 ILFD can achieve an 
output frequency tuning ranging from 3.47 to 4.313 GHz 
as shown in Fig 5. Similarly, the locking frequencies 
with respect to the input signal range from 10.41 to 
12.94 GHz, representing a locking range of 21.7%. The 
measured input locking range as a function of the control 

voltage of the feedback amplifier for a fixed capacitor 
array is shown in Fig. 6. 

Fig. 7 shows the measured output spectrum with an 
injection signal power of only -12 dBm when the 
feedback amplifier is turned on and off. The locking 
range is extended by as much as 47.8%, ranging from 
16.4-MHz to 24.24-MHz, when the self-injection signal 
is applied. Fig. 8 shows the phase noise performance of 
the proposed 1/3 ILFD for different control voltages in 
the feedback amplifier compared to the phase noise of 
the external source. Fig. 9 shows the phase noise when  

 

(a) 
 

 

(b) 

Fig. 4. (a) Die photograph of the designed divide-by-3 ILFD,
(b) packaged chip mounted on FR-4 board. 
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Fig. 5. Measured locking range vs. control voltage of the 
feedback amplifier for different capacitor array. 
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Fig. 6. Measured frequency tuning range vs. varactor control 
voltage for different capacitor arrays. 
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Fig. 7. Measured locking range for fixed capacitor array. 
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the feedback amplifier is fully turned on and off. At a 
frequency offset of 1-MHz, the phase noise with the self-
injection signal shows -127.71 dBc/Hz and is enhanced 
by 14.7-dB in comparison to the case of no self-injection. 
Without the external signal injection, the free-running 
phase noise of the designed ILFD are measured as -
105.53 dBc/Hz and -103.99 dBc/Hz at 1-MHz offset, 
with the feedback injection path on and off, respectively. 
The power consumption is 18.2-mW from a 1.8-V supply. 

Measured performance of the fabricated ILFD is 
summarized in Table 1. Recently published ILFDs with 
divider-by-3 are compared with the proposed structure. 
The proposed ILFD shows wider locking range with 
modest power consumption. Recent work shows better 
phase noise performance than our work, which is mainly 
due to the better phase noise of the injection source. 

IV. CONCLUSIONS 

A divide-by-3 IILFD employing a newly developed 
self-injection technique is proposed and designed using 
CMOS only in the Jazz 0.18-mm BiCMOS process. The 
measurement results show that the designed divide-by-3 
ILFD with the self-injection technique can enhance the 
locking range, phase noise, and minimum injection 
sensitivity simultaneously. Improvements due to the 
proposed self-injection technique are 47.8% in locking-
range and 14.7 dBc/Hz in phase noise at 1 MHz frequency 
offset when the self-injection path is turned on. The 
minimum measured input sensitivity is -30 dBm, which is 
significantly lower than that of the previous divide-by-3 
ILFDs [3-5]. These characteristics show that the proposed 
divide-by-3 ILFD are potentially beneficial for use within 
a phase-locked loop and frequency synthesizer. 

 

Fig. 8. Measured phase noise vs. frequency offset. 
 
 

 

(a) 
 

 

(b) 

Fig. 9. Measured phase noise under fixed capacitor array (a) 
feedback path is on, (b) feedback path is off. 
 

Table 1. Comparison to recently published works 

 Technology Division Ratio Supply 
voltage [V] 

Power*  
[mW] 

Inj. Power 
[dBm] 

Lock Range 
[GHz] 

Lock Range 
[%] 

Phase Noise  
[dBc] 

Area  
[mm2] 

[4] 0.18 um  
CMOS 3 1.8 45.27  

(4.6) 4 16.11-18.3 12.72 -130@1MHz 
offset 0.81 

[5] 0.18 um  
CMOS 3 1.8 N.A.  

(12.51) 5 4.85-5.7 16.1 -128.2@1MHz 
offset 0.64 

[6] 0.13 um  
CMOS 3 1.3 N.A.  

(2.05) 0 14.5-17.1 16.5 -130.46@1MHz 
offset 0.64 

[14] 0.18 um  
CMOS 3 0.9 17.8  

(8.28) 0 21.7-24.9 13.7 -141.30@1MHz 
offset 0.137 (active) 

This work 0.18 um 
BicMOS 3 1.8 18.2  

(6.5) -12 10.41-12.94 21.7 -127.71@1MHz 
offset 0.048 (avtive) 

* Total power consumption (ILFD core power consumption) 



JOURNAL OF SEMICONDUCTOR TECHNOLOGY AND SCIENCE, VOL.17, NO.4, AUGUST, 2017 497 

 

ACKNOWLEDGMENTS 

This research was supported by newly appointed 
professor research fund of Hanbat National University in 
2015. 

REFERENCES 

[1] S. Lee, J. Kim, and C. Nguyen, “Investigation of 
On-Chip Phase-Noise Reduction Using Self-
Injection Technique on Fully Integrated Frequency 
Dividers,” Proc. Asia-Pacific Microwave Confe., 
pp.655-657, Dec., 2012. 

[2] H. Ratech and T. H. Lee, “Superharmonic 
Injection-Locked Frequency Dividers,” Solid-State 
Circuits, IEEE Journal of, Vol.34, No.6, pp.813-
821, June, 1999.  

[3] H. Wu and A. Hajimiri, “A 19GHz, 0.5mW, 
0.35mm CMOS Frequency Divider with Shunt-
Peaking Locking-Range Enhancement,” International 
Solid-State Circuits Conference, pp. 412-413, Feb., 
2001. 

[4] H. Wu and L. Zhang, “A 16-to-18GHz 0.18um Epi-
CMOS Divide-by-3 Injection-Locked Frequency 
Divider,” International Solid-State Circuits 
Conference, pp. 27-29, Feb., 2006. 

[5] S. L. Jang, C. F. Lee, and W. H. Yeh, “A Divide-
by-3 Injection Locked Frequency Divider With 
Single-Ended Input,” IEEE Microwave Wireless 
Component Letters, Vol.18, No.2, pp.142-144, Feb., 
2008. 

[6] S. L. Jang, Y. S. Chen, C. W. Chang, and C. C. Liu, 
“A Wide-Locking Range ¸ 3 Injection-Locked 
Frequency Divider Using Linear Mixer,” IEEE 
Microwave Wireless Component Letters, Vol.20, 
No.7, pp.390-392, Jul., 2010. 

[7] M. Tiebout, “A CMOS Direct Injection-Locked 
Oscillator Topology as High-Frequency Low-
Power Frequency Divider,” Solid-State Circuits, 
IEEE Journal of, Vol.39, No.7, pp.1170-1174, July, 
2004. 

[8] T. N. Luo, Y. E. Chen, “A 0.8-mW 55-GHz Dual-
Injection Locked CMOS Frequency Divider,” 
Microwave Theory and Techniques, IEEE 
Transactions on, Vol.56, No.3, pp.620-625, Mar., 
2008. 

[9] R. Adler, “A Study of Locking Phenomena in 
Oscillators,” Proc. IEEE, Vol.61, No.10, pp.1380-
1385, Oct., 1973. 

[10] L. J. Paciorek, “Injection Locking of Oscillators,” 
Proc. IEEE, Vol.53, No.11, pp.1723-1727, Nov., 
1965. 

[11] B. Razavi, “A Study of Injection Locking and 
Pulling in Oscillators,” Solid-State Circuits, IEEE 
Journal of, Vol.39, No.9, pp.1415-1424, Sep., 2004. 

[12] C. Y. Wu and C. Y. Yu, “Design and Analysis of a 
Millimeter-wave Direct Injection-Locked Frequency 
Divider With Large Frequency Locking Range,” 
Microwave Theory and Techniques, IEEE Transac- 
tions on, Vol.55, No.8, pp.1649-1658, Aug., 2007. 

[13] S. Shekhar, et al, “Strong Injection Locking in 
Low-Q LC Oscillators: Modeling and Application 
in a Forwarded-Clock I/O Receiver,” Circuits and 
Systems I: Regular Papers, IEEE Transactions on, 
Vol.56, No.8, pp.1818-1829, Aug., 2009. 

[14] Y.-T. Chen, et al, “Low-voltage K-band divide-by-
3 injecion-locked frequency divider with floating-
source differential injector,” Microwave Theory 
and Techniques, IEEE Transactions on, Vol.60, 
No.1, pp.60-67, Jan., 2012. 

 
 
 

Sanghun Lee received his B.S. and 
M.S. degrees in electrical engineering 
from Kwang-Woon University, 
Korea, in 2002 and 2004, respectively, 
and his Ph.D. degree in electrical 
engineering from Texas A&M 
University, College Station, Texas, in 

2012. From 2012 to 2015, he was a Senior Engineer with 
Samsung Electronics, Korea, where he designed HSI 
products for high-speed I/O systems. In 2015, he founded 
Wavepia Inc., Korea, which focuses on developing low 
power RF SOC solutions. He currently holds the position 
of Chief-Executive-Officer with Wavepia Inc. His 
research interests include transceiver systems and circuit 
design at digital, RF, and millimeter-wave frequencies. 

 
 
 
 



498 SANGHUN LEE et al : SELF-INJECTION-LOCKED DIVIDE-BY-3 FREQUENCY DIVIDER WITH IMPROVED LOCKING RANGE, … 

 

Sunhwan Jang received his B.S. and Ph.D. degree in 
electrical engineering from Texas A&M University, 
College Station, Texas in 2007 and 2016, respectively. 
Since 2016, he has been with Texas Instruments, Dallas, 
TX, where he designs millimeter-wave circuits and 
systems. His research interests include energy-efficient 
integrated receiver design at millimeter-wave frequencies. 

 
 

Cam Nguyen received his Ph.D. 
degree in electrical engineering from 
the University of Central Florida, 
Orlando, in 1990. He joined the 
Department of Electrical and 
Computer Engineering, Texas A&M 
University, College Station, in 

December 1990, where he is currently the Texas 
Instruments Endowed Professor, after working for over 
12 years in the industry. From 2003 to 2004, he was 
Program Director with the National Science Foundation 
(NFS), where he was responsible for research programs 
in RF electronics and wireless technologies. From 1979 
to 1990, he held various engineering positions in industry, 
including a microwave engineer with the ITT Gilfillan 
Company, a member of technical staff with the Hughes 
Aircraft Company (now Rayheon), a technical specialist 
with the Aeroject ElectroSystems Company, a member 
of professional staff with the Martin Marietta Company 
(now Lockheed-Martin), and a senior staff engineer and 
program manager with TRW (now Northrop Grumman). 
While in industry, he led numerous microwave and 
millimeter-wave projects and developed many 
microwave and millimeter-wave hybrid and monolithic 
integrated circuits and systems up to 220GHz for 
communications, radar and remote sensing. His research 
group at Texas A&M University currently focuses on Si 
RFICs and system, microwave and millimeter-wave ICs 
and systems, as well as ultra-wideband (UWB) devices 
and systems for wireless communications, radar, and 
sensing-developing not only of individual components, 
but also complete systems including design, signal 
processing, integration, and test. Prof. Nguyen was also 
the founding Editor-in-Chief of Sensing and Imaging: An 
International Journal. Prof. Nguyen was the founding 
chair of the International Conference on Subsurface 
Sensing Technologies and Applications.  

Dae-Hyun Choi received his B.S. 
degree in electrical engineering from 
Korea University, Seoul, Korea, in 
2002, and his M.S. and Ph.D. degrees 
in electrical and computer engi- 
neering from Texas A&M University, 
College Station, TX, USA, in 2008 

and 2014, respectively. He is currently an assistant 
professor with the School of Electrical and Electronics 
Engineering, Chung-Ang University, Seoul, Korea. From 
2002 to 2006, he was a researcher with Korea Telecom, 
Seoul, where he researched, designed, and implemented 
home network systems. His research interests include 
power system state estimation, electricity markets, the 
cyber-physical security of smart grids, and the theory and 
application of cyber-physical energy systems. 

 
 

Jusung Kim received his B.S. 
degree (with highest honors) from 
Yonsei University, Seoul, Korea, in 
2006, and his Ph.D. degree from 
Texas A&M University, College 
Station, TX, USA, in 2011, both in 
electrical engineering. In 2008, he 

was an analog IC design engineer with Texas 
Instruments, Dallas, TX, USA, where he designed an RF 
front-end for a multi-standard analog and digital TV 
silicon tuner. From 2011 to 2015, he was with 
Qualcomm Technologies Inc., San Diego, CA, USA, 
where he designed RFIC products for 3G and 4G cellular 
systems. He is currently an assistant professor with the 
Department of Electronics and Control Engineering, 
Hanbat National University, Daejeon, Korea. His current 
field of research is in the design and fabrication of low-
power integrated circuits for communication and 
biomedical applications. Dr. Kim served as an associate 
editor for the IEEE TRANSACTIONS ON CIRCUITS 
AND SYSTEMS II-EXPRESS BRIEFS from 2014 to 
2015, and is a guest editor for IEEE ACCESS in 2017. 

 
 


