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Abstract: A programmable multi-modulus frequency divider is designed and implemented in a 0. 35m CMOS process. The

multi-modulus frequency divider is a single chip with two dividers in series, which are divided by 4 or 5 prescaler and by

128 ~255 multi-modulus frequency divider. In the circuit design, power and speed trade-offs are analyzed for the prescaler,

and power optimization techniques are used according to the input frequency of each divider cell for the 128 ~255 multi-

modulus frequency divider. The chip is designed with ESD protected I/O PAD. The dividers chain can work as high as

2.4GHz with a single ended input signal and beyond 2. 6GHz with differential input signals. The dual-modulus prescaler

consumes 11mA of current while the 128 ~255 multi-modulus frequency divider consumes 17mA of current with a 3.3V

power supply. The core area of the die without PAD is 0. 65mm X 0. 3mm. This programmable multi-modulus frequency di-

vider can be used for 2. 4GHz ISM band PLL-based frequency synthesizers. To our knowledge, this is the first reported

multi-modulus frequency divider with this structure in China.
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1 Introduction

PLL-based frequency synthesizers''' are widely
used in modern wireless communication systems. The
main feature of these frequency synthesizers is their
capability to frequency hop between different chan-
nels, which is realized by changing the division ratio
of the frequency divider. The application of the fre-
quency divider requires programmability, high speed,
lower power,and high sensitivity operation* .

In China, several high frequency prescalers with
CMOS process were reported recently™**', but the di-
vision ratio is limited to 2". Dual-modulus prescal-

ers[b’.ﬂ

were also reported. A traditional pulse swallow
multi-modulus frequency divider'® was reported, but
the division ratio was limited to a small range. In this
paper,we present a divided by 4 or 5 dual-modulus
prescaler connected with a 128 ~ 255 multi-modulus
frequency divider, which have been successfully used
in a 2. 6GHz PLL. To our knowledge., this is the first
domestic multi-modulus frequency divider with this
structure.

In PLL systems, the frequency divider works in
the highest frequency,which makes it the most power
hungry circuit in the system. In order to save power,a
small division ratio frequency divider, which is called
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a prescaler'® ,is always first connected to the voltage
controlled oscillator. In this paper,we present a divid-
ed by 4 or 5 prescaler that can work as high as
2.4GHz with a single ended input signal. The dual-
modulus prescaler consumes 11mA of current with a
3.3V power supply. The trade-off between power and
speed is analyzed.

A conventional pulse swallow multi-modulus fre-

quency divider"

is realized with a dual-modulus pres-
caler and two counters. This structure does not have
high reusability or high flexibility, so more design
time and layout work are needed. In this paper we
choose the structure first presented by Vaucher!' %,
and add retiming circuits"”®’ to lower the jitter accu-
mulation. The multi-modulus frequency divider is
formed with seven series divided by 2 or 3 cell, which
shares the same circuit implementation. The power
consumption can be scaled down as the input frequen-
cy is scaled down along the cell chain. This seven
stage multi-modulus divider can realize the division
ratio of any integer number between 128 and 255, and
consumes 17mA of current with a 3. 3V power supply
voltage.

The divided by 4 or 5 prescaler and the 128~255
multi-modulus frequency divider are connected with a
buffer in a single chip. The core area of the die with-
out PAD is 0. 65mm X 0. 3mm. The chip is designed
with ESD protected 1/0O PAD.
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Logic diagram of divided by 4 or 5 prescaler
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2 Circuit design

In this section, we will give the circuit architec-
ture and simulation results of the divided by 4 or 5
prescaler and the 128 ~ 255 multi-modulus frequency
divider. Power and speed trade-offs are analyzed for
the prescaler, and power optimization techniques are
described for the 128 ~ 255 multi-modulus frequency
divider. The ESD design for the chip is also given.

2.1 Divided by 4 or 5 prescaler

We used the master-slave D flip-flops and AND
gate to form the divided by 4 or 5 prescaler. The logic
diagram of the circuit is shown in Fig. 1. MC is the
mode control signal. The prescaler is programmed to
divide by 4 when the MC is low and divide by 5 when
the MC is high.

Current mode logic (CML)"* was used in the D
flip-flop. In the D latch design, two parameters must
be considered, i. e., the load resistance and the tail
current. The swing voltage of the circuit is decided by
the product of the two parameters,so a proper value
must be chosen to ensure the reliability of the prescal-
er.In our design,1V was chosen as the swing voltage.
After the product of the two parameters was chosen,
we have to confirm each value of the two parameters.
The power of the prescaler is proportional to the tail
current, while the speed is inversely proportional to
the load resistance,so a trade-off between power and
speed is reflected on the tail current and load resist-
ance. For our design goal of a 2. 4GHz ISM band ap-
plication, the 1mA tail current and 1kQ load resist-
ance were chosen. Post layout simulation shows that
with these two parameters’ values, the prescaler can
work as high as 3GHz.

In order to save area and power, the AND gate
was combined with the master latch™® in the circuit,
as shown in Fig. 2. Only three transistors are added
compared with the D latch. The simulation result is
shown in Fig. 3, where the input is a 300mV 3GHz
signal. The waveforms show that the prescaler can
work correctly at 3GHz with a differential output.

2.2 Fully programmable 128 ~255 multi-modulus fre-
quency divider

The block diagram of the fully programmable
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Fig.2 Circuit implementation of D_Latch with AND Gate

multi-modulus frequency divider is shown in Fig. 4.
The basic cell of the chain is a divided by 2 or 3 cir-
cuit, which is connected in series. The division ratio of
the 2/3 cell is controlled by P, and mod, . If the P, is
logic low, the 2/3 cell will always divide by 2. Only
when both P, and mod, are logic high, will the 2/3
cell divide by 3. The functional blocks of the divided
by 2 or 3 cell are shown in Fig. 5,and the circuit im-
plementation is the same as the divided by 4 or 5 pres-
caler discussed before.

The circuit operates as follows. For the last 2/3
cell,the mod, is set to logic high,and it generates the
signal mod,-,. Then the signal propagates up the
chain until the first cell. When the mod signal arrives
at a cell,it will enable the cell to divide by 3 if the in-
put p is set to logic high. Division by 3 adds an extra
period corresponding to its input signal. Hence, a
chain of 2/3 cells will provide an output signal with a

period:
Tout = 2n’Tin+2“71T‘inpnfl +2n72 Tinprrz +"'+2T1np1 +T1np0
= (2” + 2”7]pn*1 + 2’172pn*2 +oeee 2p1 + p())Tin

(D
This equation shows that all division ratios between
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Fig.3 Simulation waveforms with 3GHz input signal
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Fig.4 Block diagram of the fully programmable multi-modulus
frequency divider

2" and 2""' — 1 can be realized through programmable
P, to P,_,.In this paper.we chose n =7,and realized
all division ratios between 128 and 255. The division
ratio of our circuit is decided by 27 + 2P, + 2° P, +
2P, +2°P;+2°P, + 2P, + P,. By controlling P, ,the
divider can be fully programmable.

This architecture has many advantages over the
traditional pulse swallow architecture. First, power
optimization techniques can be used easily by scaling
down the tail current of the chain. Second. the reus-
ability is better because its basic cell is the same,so we
can easily expand the division ratio. Third, the layout
work is much ecasier because of the repeated cell,
which means less time to market. In our design,power
optimization techniques are used. The tail current of
the 2/3 cell is scaled down according to the input fre-
quency,and the load resistance is scaled up to keep
the swing voltage constant.

The asynchronous working of the multi-modulus
frequency divider makes the jitter accumulate through
the chain,so retiming circuits are very important to e-
liminate the phase noise. In our design, the simplest
way of retiming the divider’s output with its input
clock was used. We chose the straightforward imple-
mentation of a D flip-flop clocked by the divider’s in-
put signal structure.

The simulation results are shown in Fig. 6. From
top to bottom,the signals are input signal,FDl ,mod; ,
F,, »mod,. The input frequency is 500MHz with p,
and p; set to logic high. The division ratio is 2 when
the mod signal is low and 3 when the mod signal is
high, which accords with the theory of the circuit.
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Fig.5 Functional blocks of divided by 2ro3 cell
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Fig.6
divider with 500MHz input signal From top to bottom, the sig-

Simulation waveforms of the multi-modulus frequency

nals are input signal,Fol ,mod, ,F02 ,mod, .

Fig.7 Die photograph

With 11mA of current,the multi-modulus divider can
work as high as 1GHz through post layout simulation.

2.3 ESD design

Electrostatic discharge (ESD) is important for
the reliability of the integrated circuits,especially for
CMOS technology. In our chip,the I/O ESD protec-
tion is realized with inverse biased diode. Simulation
shows that the diode can influence the slew rate of
the output signal. If the divider is used in PLL,this in-
fluence will disappear because no ESD is needed for
the divider output.

3  Test results

The prescaler and the multi-modulus divider are
connected together with a buffer on a single chip. The

Fig.8 PCB test board of the chip
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Fig.9
input signal and the division ratio of 5X255=1275

Test waveform of the chip with 2. 4GHz single ended

Fig.10 Test waveform of the chip with 2. 4GHz single ended
input signal and the division ratio of 4 X171 =684

chip photograph is shown in Fig. 7. The chip was test-
ed through PCB, which is shown in Fig. 8. With a sin-
gle ended 2. 4GHz input signal, we can see the output
waveform of the final output through Agilent’ s
54642A oscillograph. In Fig. 9, we make the division
ratio 5 X 255=1275 by setting MC= P;=P; =P, =P,
=P, =P, =P, =1, and the output frequency is
1. 88MHz. In Fig. 10, we make the division ratio 4 X
171 =684 by setting MC= P; =P, = P, =0 and P; =
P, = P, = P, = 1, and the output frequency is
3.5MHz. Therefore, the prescaler and the multi-
modulus both work correctly.

The results are all tested by a single ended input
signal. This circuit has been successfully used in a dif-
ferential 2. 6GHz PLL,so the circuit can work beyond
2.6GHz with a differential input signal. The tested
output spectrum of the 2.6GHz PLL is shown in
Fig. 11,and the details of the PLL will be reported
later.

Fig. 11
frequency divider

Spectrum of a 2. 6GHz PLL using the multi-modulus

4 Conclusion

We presented a single chip programmable, ESD-
protected 2. 4GHz CMOS multi-modulus frequency di-
vider that is composed of a divided by 4 or 5 prescaler
and a fully programmable 128 ~ 255 multi-modulus
frequency divider. This chip can work as high as
2.4GHz with a single ended input signal and beyond
2.6GHz with differential input signals. The dual-
modulus prescaler consumes 11mA of current while
the 128 ~ 255 multi-modulus frequency divider con-
sumes 17mA of current with a 3.3V power supply.
The power consumption can be further decreased by
using a 0. 18m process. The core area of the die with-
out PAD is 0. 65mm X 0. 3mm. Power and speed trade-
offs are considered in the prescaler design,and power
optimization techniques are used in the multi-modulus
divider. This frequency divider can be directly used
for 2. 4GHz ISM band applications.
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