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Abstract

We report a new dual-modulus divider circuit
technique, which avoids the frequency limitations
due to commonly used additional logic in the high
speed divider chain. The new pulse-swallow
approach does not introduce additional delay.
This circuit technique is not restricted to CMOS.

Prototypes of a 16/17 and a 32/33 divider in a
0.4 micron digital CMOS technology have been
measured to run up to 2.825 GHz with 21.7 mW
of total power. Between 2.3 GHz and 2.4 GHz, the
circuit draws 7.3 mA current from a 2.7 V supply.
The measured input sensitivity is below 0 dBm
between 1.0 GHz and 2.4 GHz.

1. Introduction

Dual-modulus frequency dividers are crucial parts of
frequency synthesiser blocks used in integrated
transceivers.

Commonly, dual-modulus frequency dividers are built
up from synchronous binary dividers and logic blocks to
set the desired divider ratio [1], [2]. The logic block
delay is a fundamental speed limitation in such an
architecture, since the logic decision must be completed
before the next input clock cycle begins. This
significantly reduces the maximum input clock frequency
below that corresponding to binary division.

The limitation due to logic delay can be alleviated a
phase selection rotation approach [3] based on an
asynchronous full-speed divide-by-two circuit as a first
stage.

The goa of this work is to develop a new dual-
modulus divider architecture, which comes near to a
binary divider in terms of power consumption at a given
operating frequency and technology.

2. Novel dual-modulusdivider technique

2.1. Pulse-swallow concept

We present a dual-modulus divider concept, which is
based on switching between two pure divide-by-two
(div2) circuit structures rather than inserting additional
logic or selection circuitry in the signal path.

For norma div2 operation, the active circuit is
identical to a binary divider circuit comprising a fully
differential master and slave latch in closed loop.

Correct divide-by-two function of this Johnson divider
requires one logic inversion within the loop. Due to
signal symmetry, inversion simply means the crossing
between positive and negative signal line.
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Fig. 1:  Divide-by-two circuit with fully differential
signals. Signal crossing between B and A.

Independent of the location of signal crossing between
latch A and B (Fig 1) or between B and A (Fig. 2), both
circuits act as constant-rate div2 circuits.
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Fig. 2:  Divide-by-two circuit with fully differential
signals. Signal crossing between A and B.

For clock swallowing, we assume the location of
signal crossing to be changed using ideal, delay-free
switches, represented by boxesin Fig. 3.
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Fig. 3:  Divide-by-two circuit with ideal switches
for signal crossing.

The location of the signal inversion point can be set
according to a switch signal SW, thus allowing one to
switch between the circuit structures shown in Fig. 1 and
Fig. 2, respectively.

In binary division mode, each latch would sample a
logic state inverse to current state at every input clock

cycle.

When switching takes place, each latch input is
inverted, resulting in sampling a logic state equal to
current state. Consequently, the circuit is in a stationary
state for this time and no changes in the output signal
appear.

We obtain exactly a one-cycle delay before the normal
div2 operation is executed again. This delay is equivalent
to swallowing a full input clock cycle, as will be
illustrated in the circuit solution section below.

To implement the delay-free switch function, we use
modified D-latches, including a switch signal input to
select one of two parallel input stages (Fig. 4).
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Fig. 4. Pulse-swallow divider concept

2.2. Circuit solution

The divider circuit is based on the standard binary
divider circuit built of two symmetrical latches in
current-mode logic (CML). A standard single CML latch
isshownin Fig. 5.
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Fig. 5: Standard CML D-Latch

To derive the modified CML D-Latch version, the
input part is extended by a second input transistor pair
and a switch transistor pair to select one of the input
pairs D or O in mutual exclusion (Fig. 6).
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Fig. 6:  Modified version of CML D-Latch

Both input pairs have their gates always connected to
their respective nodes. Switching is done by activating
the current flow through one par. Therefore, the
switching process has little effect on intermediate node
voltages, and is executed rapidly.

This circuit provides a mechanism for producing a
delay of one input clock cycle at each transition of the
swallow signal. An N+1 divider with N=2" can be built
up using this pulse-swallow divider circuit as the first
divider stage followed by M asynchronous div2 stages.
The output of the chain is fed back to the swallow input
of the first stage. The m-th stage provides the desired
output frequency fqy.

The following characteristics are based on circuit
simulation (BSIM level 3 V.3) in the 1.6 - 2.4 GHz
range:

- operating current i=570uA,

- load resistance RI=110D,

- estimated parasitic capacitance Cp=20fF.

In Fig. 7, a Cadence Spectre transient simulation
illustrates a transition of the switch signal SW.

Regardless of the switch signal setting, the input
circuit drives the same output nodes (Q and QQ in Fig.
6).

The power consumption of this circuit in dual-
modulus mode equals the power consumption in constant
rate mode.
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Fig. 7:  Simulated transient response to a switch

transition

2.3. Switching control

A common switch signal to both D-Latches of Fig. 3,
which is not synchronous to the input clock can lead to
unexpected behavior, when applied to dual-modulus
division by N. For example, a stable N+0.5 division ratio
can appear when applying different slopes for rising and
falling edges of the switch signal.

For correct pulse-swallow function, the newly
activated input stage should have enough active time to
charge/discharge the output nodes corresponding to the
input signal levels. Otherwise, glitches and metastable
states affect the pulse-swallow behavior, and can even
lead to a pulse generation function, instead of swallowing
(division by N-1 instead of N+1).

This timing sensitivity requires a synchronization of
the  switch signal with the input clock.
To avoid deterioration of the binary division function, the
master and the slave latches are each switched in their
inactive clock phase. Two subsequent current-mode
latches (E and F in Fig. 8) provide the control signals for
this two-step switching.

Since the input pair exchange of the inactive latch is
faster than the output signal change of the active one,
switching is completed before the end of the input clock
cycle, and divider performance is not degraded by the
swallow procedure.

Circuits C to F consist of standard current-mode logic
D-Latches (Fig. 5) in series to convert CMOS to CML
logic levels and provide half-cycle delayed switching
signals to the A and B latches. This provides precise
synchronous timing control at the expense of additional
power consumption in the synchronisation latches.



2.4. Circuit application

In our implementation, the high speed pulse-swallow
stage described above is followed by three CML div2
dividers and a level shifter to CMOS logic. The circuit is
completed by two standard CMOS toggle flip-flop (FF)
circuits, some low speed CMOS logic gates, and a
CMOS output driver block. The first standard CMOS FF
is configured as pass-through or div2 for selecting the

The power consumption breakdown at 2.7V supply
and 2.4 GHz input frequency is as follows: 7 mW in the
synchronisation block; 3.1 mW in the high speed div2/3
swallow circuit; 3.1 mW in the CML div8 block; and
0.84 mW in the level shifter.

Fig. 8:

division ratio N of 16 or 32, and the last stage halves this
output frequency to generate one swalow signa
transition for each fo cycle.

Novel pulse-swallow divide-by-two core circuit

mode core CML level select output
logic circuit  block shifter  logic driver
CMOS 10.1mw 3.1TmW 0.84mW CMOS
— = -
—O
_I_ / [> out
g b Yoivod |oivs FF
3 CMOS
S CLK - select N
© <
3
IS div2 power@2.7V/2.4GHz/50 Q)
Fig. 9:  Final circuit block diagram, including

power distribution

Figure 10 shows the chip layout including DC
blocking capacitances and internal voltage references.
The circuit is designed to work from 2.7V to 3.3V
supply voltage. The total simulated supply power of the
circuit is 18.9 mwW driving a50Q load.

Fig. 10: Novel dual modulus prescaler chip photo

To facilitate simple measurement, the clock inputs are
connected to the pads with integrated DC blocking
capacitances.

3. Obtained results
3.1. Experimental results

Chips were manufactured using MOSIS in the 0.4
micron scalable digital CMOS technology of TSMC.
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Fig. 13: Dual-modulus prescaler sensitivity

In single-ended mode, the circuit was connected
directly to the signal source shorting the second input to
ground. Fig. 13 displays the sensitivities obtained using

Fig. 11: Test PCB assembly

both topologies.

The chips were bonded to test printed-circuit boards If the RF signal is generated on chip, the integrated
as shown in Fig. 11, and measured using the setup shown DC  blocking capacitances including  parasitic
schematically in  Fig.12 for differentid mode capacitances of about equal value can be omitted. This
measurement. would increase the input sensitivity given in Fig. 13 by

about 3 dB.

Measurements were carried out with the pulse-

/:'/ swallow function enabled (div33 mode) and disabled
~ (div32 mode), respectively.

Figures 14 and 15 present oscilloscope traces of input

<0 clock and divider output for both cases.
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Fig. 12: Schematic of differential measurement

setup P Ry e

The input signal sine wave is split into a reference
input signal to the oscilloscope and then split again to

match the differential input requirements. . .
Fig. 14: Input-output trace @ 2.3GHz/div32 mode
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Input-output trace @ 2.3GHz/div33 mode
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Fig. 16: Dual-mode trace @ 2.3 GHz

The total power consumption of the test chip was
measured over a frequency range from 200 MHz -

2.8 GHz.
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Fig. 17: Total power consumption

To operate the circuit over a wide frequency range,
the internal voltage reference of 1.47 V was raised
externally to 1.7 V, or 245 V. Fig. 17 illustrates the
measured total power consumption.
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Fig. 18: Maximum input frequency vs. temperature

Thistest chip runs without any temperature correction
circuitry. Power consumption therefore drops with
increasing temperature, and there is a strong roll-off in
the maximum operating frequency. Fig. 18 shows the
temperature dependence of this frequency limit in div32
and div33 modes, respectively. We find a similar circuit
performance versus temperature in both modes. Over the
temperature range —6C to 120°C, the pulse-swallow
function has very little effect on performance limits,
compared to binary division.

3.2. Comparison with other prescalers

To compare the obtained results with existing dual-
modulus prescaler approaches, we have chosen two key
parameters for evaluation: maximum input frequency and
power consumption at this frequency.

While the maximum input frequency is an easy
criterion, the aspect of power consumption is slightly
more complicated. For example, one can trade DC power
consumption for RF input power by choosing another
prescaler approach. Further, prescalers differ in division
ratio; a higher division ratio requires subsequent divider
stages and increases power.

Thus, benchmarking these circuits strongly depends
on the viewpoint, or on the cost factors assigned to
various details. To find a compromise based on practical
aspects, we consider a single-chip transceiver
application. The RF signal has been assumed to be
generated on chip with a 50 % power efficiency from DC
supply, and RF power is derived from RF input voltage



using a 50Q resistance. Presumably, the former
assumption is too optimistic (compared to 25% for a sine
wave), but may be balanced by the errors created by the
latter one. However, this rough approximation might still
discriminate designs with high RF input impedance.

For dual-modulus prescalers with a division ratio less
than 128/129, we imagine subsequent asynchronous
divide-by-two stages added until this ratio is achieved.
Each stage ideally consumes half the power of the
preceding one. Summing up the given DC and calculated
RF power dissipation results in a normalised power
consumption, which serves as the second key parameter.

These key parameters are assigned to the axes of the
diagram in Fig. 19. Points representing higher
performance designs tend to the lower right corner of the
diagram.
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Fig. 19: Prescaler power vs. frequency

In addition to measured results of this work, all RF
dual-modulus prescalers in CMOS and SIMOX
technology from 1985 to date known to the authors are
represented here.  For  simplification, reference
assignments to the respective points are restricted to an
input frequency of 1.5 GHz and above.

Reference [4] is marked with an asterisk, because this
design was based on an experimental P/N balanced
technology rather than being compatible to digital
CMOS.

The power consumption of the prescaler proposed

here is still high, when considered as a part of a single-
chip transceiver.
A clear disadvantage of this solution is the requirement
to synchronise the swallow signal with the RF clock.
Several prescaler principles require such synchronisation,
which increases power dissipation considerably over that
of apure binary divider chain.

4. Conclusions

A new low-power dua-modulus divider circuit
technique has been demonstrated with a prototype chip.
This chip serve the div16/17 and the div32/33 division
modes. The circuit is fabricated in 0.4pm CMOS. We
reached 2.825 GHz operating frequency with 21.7mwW
total power consumption. Below 2.4 GHz, the power
consumption is less than 20 mW. The input sensitivity is
below 0 dBm over the frequency range of 1 - 2.4 GHz.

The pulse-swallow technique applied here is relatively
insensitive to the maximum input frequency, thus
exhibiting a low power/frequency ratio. The circuit
technigue could be adapted to bipolar or GaAs circuits.
Work is in progress to significantly reduce the power
consumption due to the synchronisation circuit.
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