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Abstract—A fully integrated frequency divider with an opera-
tion frequency up to 20 GHz is designed in 0.18- m CMOS tech-
nology. The frequency divider includes two stages to divide the
input signal by a factor of 4. A wide locking range from 18.8 to
23.2 GHz was obtained with a low phase noise of 134 8 dBc/Hz
(1-MHz offset) at an output frequency of 4.7 GHz. The first stage
is designed by an analog methodology with the varactors to extend
the locking range, while the second stage is designed by a digital ap-
proach with the RF devices for a high operation frequency. With
the advantages of both designs, this frequency divider is operated
at the frequency range suitable for LMDS applications.

Index Terms—Analog circuits, CMOS RF circuits, digital cir-
cuits, divider circuits.

I. INTRODUCTION

THE demand for broadband and high data rate transmis-
sion increases the operation frequency of communication

systems rapidly. Local multipoint distribution systems (LMDS)
[1], [2] is a system which employs a point-to-multipoint broad-
cast downlink with a total capacity of 34–38 Mb/s per transport
stream for digital TV broadcast and consumer entertainment ser-
vices. LMDS typically operates at millimeter-wave frequencies
of above 20 GHz [3]. In this work, a frequency divider operating
in the frequency range suitable for such applications with a func-
tion of /4 is realized by a stand 0.18- m CMOS technology. The
circuit topology contains two stages: the first stage is an analog
frequency divider with low power consumption and high oper-
ation frequency, while the second stage is a digital frequency
divider with RF transistors for both high frequency and a small
chip area. A wide locking range from 18.8 to 23.2 GHz was ob-
tained with an overall power consumption of 38.7 mW.

Section II describes the operation principle and schematic
of the two stages, respectively. In addition, the comparison
of the devices for RF and digital applications, and the impact
of process variation on circuit performance are addressed.
Section III presents the measurement results and the conclu-
sions are made in Section IV.

II. DESIGN OF FREQUENCY DIVIDER

A. First-Stage Design

The first stage of the frequency divider is shown in Fig. 1,
which is designed based on the concept of an injection-locked

Manuscript received July 28, 2006; revised November 28, 2006. This work
was supported in part by the NTHU-TSMC Joint-Development Project and the
National Science Council under Contract NSC 94-2752-E-007-002-PAE. This
paper was recommended by Associate Editor E. Alarcon.

The authors are with the Electrical Engineering Department, National Ts-
inghua University, Hsinchu 300, Taiwan, R.O.C. ( e-mail: shhsu@ee.nthu.edu.
tw).

Digital Object Identifier 10.1109/TCSII.2007.901258

frequency divider (ILFD) [4]–[8]. Compared with the widely
used current-mode logic (CML) divider [9]–[11], and the
ILFD provides an alternative choice to achieve low power
consumption and high operation frequency simultaneously.
The ILFD configuration used here is similar to a cross-coupled
pair voltage-controlled oscillator with the input signal injected
from the bottom current source. This topology has a nature ten-
dency of dividing input frequency by 2 [12]. The free-running
frequency of the divider is designed at about half of the
input signal frequency . Since the second harmonic signal
dominates at node (the fundamental frequency is can-
celed at this node), the signal frequency at this node is locked
to the input signal after the locking process. As a result, the
frequency of the signal taken from the output
of the divider is half of the input signal .

The locking range of the frequency divider can be estimated
by the circuit parameters as shown below [4], [5]

(1)

where is the locking range, is the quality factor of the
LC tank, is the resonant frequency, is the coefficient
of the transfer function of the LC tank, is the coefficient
of a third-order nonlinear equation for the LC oscillator (i.e.,

), and is the amplitude of
the incident signal. As can be seen, the locking range is inversely
proportional to the quality factor of the LC tank, therefore an in-
ductor or a capacitor with a smaller quality factor can increase
the locking range. Simulations indicate that the inductors used
in this design have a quality factor about 15 in the operation
frequency range. In addition, the accumulation-typed varactors
with a quality factor about 10 were employed in the LC tank to
increase the locking range.

In order to drive the second stage, the amplitude of the output
signal of the first stage needs to be larger enough, which is about
1.1 V in this case. The sizes of transistors M1 and M2 are de-
signed to have sufficient output swing and minimize the loss of
the parasitic capacitances. The finally selected width of both de-
vices is 2.5 m with 15 fingers.

B. Second-Stage Design

As also shown in Fig. 1, the second stage of the frequency
divider employs a digital design approach consisting of trans-
mission gate and inverters. With only one transmission gate at
the input [13], this configuration can reach a higher operation
frequency compared with the conventional structure.

Fig. 2 presents the time diagram of the second-stage digital
divider, which illustrates the operation principle of the second-
stage divider. By designing a proper propagation delay for each
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Fig. 1. Circuit schematic of the proposed two-stage frequency divider.

Fig. 2. Time diagram for the second stage of the proposed frequency divider.

stage, this circuit can function correctly as a frequency divider.
First, assuming the logic state of node starts as 1, when the
transmission gate is on, the state of node becomes 1 after a
propagation delay of the transmission gate. Then the state of
node becomes 0 after a delay time of the inverter, and the other
nodes also follow the same rule to change the states. Based on
Fig. 2, with a proper propagation delay of each stage, the period
of is twice of that for the input signal. In other words, this
circuit divided the frequency of the input signal by a factor of 2.

The locking range of the second stage can be determined by
(2) with the delay time of the inverter and the transmission
gate , where is the stages of the inverter. For a correct
operation of the digital divider, the voltage level of node needs
to change within the off period of the transmission gate [13].
According to (2), with less stages of the inverter, the frequency
divider can operate at higher frequencies

(2)

Fig. 3. Simulated results of the sensitivity (input power) as a function of the
locking range (input frequency).

Note that the differential output of the first stage can be used
as the input signal for the second stage directly without any
buffer stages.

Fig. 3 shows the simulated sensitivity (input power) as a func-
tion of the locking range (input frequency). As can be seen, the
locking range is 18.8–25.0 GHz with the best sensitivity at
21 GHz, which is about two times of the free-running frequency
of the first-stage ILFD.

C. Device Considerations

As mentioned, the second-stage divider is designed based on
a digital circuit topology, however, the RF devices were em-
ployed in the design to increase the operation speed and reduce
noise coupling between different blocks especially operating at
such a high frequency. Fig. 4(a) and (b) compares the conven-
tional digital and the typical RF layouts for the nMOS devices
with a finger number of 12 and the width of each finger of 6 m
in a 0.18- m technology. The chip sizes are also labeled in the
figures. Note that two dummy gates are added at each side of the
RF device to reduce the process variation. The layout of the RF
transistor has been optimized for high frequency applications,
which is surrounded by a deep N-well to prevent the noise cou-
pling from substrate and reduce the parasitic capacitance and
resistance at high frequencies. In addition, the poly gates of the
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Fig. 4. (a) Layout of the conventional digital device (0.18 �m� 6 �m� 12).
(b) Layout of the RF device (0.18 �m� 6 �m� 12).

transistor are designed as a meander type and surrounded by
metal 2 to reduce the overall gate resistance. Note that the min-
imum rules of the contacts are carefully applied to reduce the
parasitic capacitance introduced by the overlapped metal layers
in the RF devices. As a result, the operation frequency can be
increased effectively compared to a device with a typical digital
device layout under the same bias condition.

Fig. 5 compares the simulated results of the unit current gain
frequency for both the RF and digital nMOS devices corre-
sponding to Fig. 4 as a function of the gate voltage under a
fixed drain-source bias of 1.0 V. As can be seen, the of the
RF device is substantially higher than that of the digital device
under the same gate bias voltage. The designed digital frequency
divider with RF devices demonstrates an operation frequency up
to 11.6 GHz, which can be mainly attributed to the optimized
layout of the RF CMOS devices. It can be seen that a trade-off
exists between the device performance and the size. However,
the overall chip area is dominated by the passive inductors and
the RF probing pads, which can be seen from the circuit micro-
graph in Fig. 6 as will be shown later.

Fig. 5. Unit current gain frequency f of the RF and digital devices as a func-
tion of V . The drain voltage is fixed at 1 V.

Fig. 6. Die photograph of the proposed frequency divider.

The device mismatch effect is also studied here for the
propagation delay of the second stage. The simulation of
the corner cases for fast–fast (FF) and slow–slow (SS) were
both performed. For example, at the input signal of 10 GHz
of this stage, compared to the typical–typical (TT) case, the
transmission gate delay and the inverter delay both
reduced by 19% for the FF case, while and increased
by 9.5% and 14.3%, respectively, for the SS case. However,
the divider can still function properly in these corner cases. As
described in Section II-B, the divider can work correctly as
long as the status of node changed within the off period of
the transmission gate, which provides a considerable tolerance,
and is typically larger than the delay variation introduced by
the transistor mismatch.

In addition, the impact of the device mismatch on the tuning
range of the divider was carried out. The simulated result shows
a locking range of 18.8–25 GHz for the TT case. For the corner
cases of FF and SS, the simulated results show that the locking
ranges change to 20.8–25.5 GHz and 18.8–22.5 GHz, respec-
tively. The change in the locking ranges in both cases can be
mainly attributed to the first-stage analog divider, which is more
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TABLE I
COMPARISON WITH OTHER PUBLISHED FREQUENCY DIVIDERS

Fig. 7. (a) Output signal is 4.7 GHz with an input signal of 18.8 GHz. (b) Output
signal is 5.81 GHz with an input signal of 23.2 GHz.

sensitive to the process variation. The second-stage digital di-
vider, as analyzed above, is not strongly depend on the transistor
mismatch effect in our design even with the delay variation in-
troduced in the corner cases.

III. MEASUREMENT RESULTS AND COMPARISON

The proposed frequency divider was manufactured by
TSMC 0.18- m CMOS technology. The die photograph is
shown in Fig. 6. The chip size including the RF probing
pad is 0.82 0.83mm , while the core size of the circuit is
about 0.5 0.53 mm . As can be seen on the left side, the
grounded-coplanar-waveguide (GCPW) structures are em-
ployed at the input port to further reduce the signal loss and
undesired noise coupling for high frequency operation.

Measurement was performed by an Agilent E4407B spec-
turm analyzer. With a function of divided by 4, the output

Fig. 8. Measured phase noise of �134:8 dBc/Hz at a 1-MHz offset (output
frequency is 4.7 GHz).

signal is 4.7 GHz when the input signal is 18.8 GHz as shown
in Fig. 7(a). Fig. 7(b) shows the measured output signal of
5.81 GHz with an input signal of 23.2 GHz. The measured
phase noise is dBc/Hz at 1-MHz offset as shown in
Fig. 8. The measured results demonstrated the proposed fre-
quency divider with a wide locking range from 18.8–23.2 GHz
under a fixed input power level of dBm, and a function of
divided by 4. The locking range obtained from the measurement
is close to the simulated result of 18.8–25.0 GHz.

Table I compares this work with recently published results
by CMOS technology [7], [14]. The proposed circuit presents
the widest locking range among these results. A figure-of-merit
(FOM) is defined as the locking range divided by the total
power consumption for a fair comparison, which is also listed
in Table I.

IV. CONCLUSION

In this study, a frequency divider with a function of divided by
4 was implemented in a 0.18- m CMOS technology. The circuit
can operate up to 23.2 GHz with a locking range of 4.4 GHz,
which consists of both analog and digital circuits with advan-
tages from both design concepts. The proposed frequency di-
vider use varactors to increase the locking range and the RF de-
vices in the second stage to increase the operation frequency.
Compared with other works, this circuit has the widest locking
range among the published results. The proposed frequency di-
vider is suitable for LMDS applications.
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