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Abstract

A 5.3GHz low voltage CMOS frequency divider whose
modulus can be varied from 220 to 224 is presented. Pro-
grammability is achieved by switching between different
output phases of a D flip-flop (DFF). An improved glitch-
free phase switching technique through the use of a retimer
circuit isintroduced. A high speed low voltage DFF circuit
is given. The programmable divider fabricated in 0.25um
technol ogy occupies 0.09 mm? and consumes24mA at 1.8V
and 37 mA at 2.2V. 5.5 GHz operation with 300mVpk single
ended input is achieved with a 2.2V supply. The residual
phase noise at the output is —130 dBc/Hz at an offset of
1kHzfromthe carrier.

1. Introduction

HiPerL AN isawirelessdatanetworking standard that op-
eratesin the 5.3 GHz band and consists of 5 channels sepa-
rated by 23.5294 MHz. The phaselocked loop used for syn-
thesizing the carrier usesafrequency divider whosedivision
factor isto be programmable from 220 to 224 and whosein-
putisat 5.3GHz

In the following section, we discuss phase switching,
which is the chosen architecture for this programmable di-
vider. In section 3 we discuss a potential problem with ex-
isting phase switching circuitsand introduce aretimer block
which eliminatesthis problem. Section 4 dealswith the high
speed divide-by-2 (=-2) stage. Section 5 discusses the over-
all circuit and some implementation details. Experimental
results are given in section 6.

2. Architecture

Conventionally, programmabledividersareimplemented
using a high speed dual modulus prescaler along with low
speed programmable counters which implement arbitrary
division factors by “swallowing” pulses[1]. In[2], an asyn-
chronous divider is presented in which pulse swallowing is
accomplished by switching between different output phases
of a2 stage implemented using amaster-slaveflip-flop. In
this scheme, only oneflip-flop in the first -2 stage operates
at full-speed (f;,,) instead of severa flip-flops asin a dual-
modulus prescaler. Additionally, the absence of high speed
feedback |oopsaround multipleflip-flopsaspresentinadual
modulus prescaler and the reduced load on the VCO result
in ahigher maximum speed of operation and alower power
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Figure 1. Programmable frequency divider employing

phase switching.

consumption in a given technology. This architecture was
therefore chosen for our 5.3 GHz programmable divider.

Fig. Lillustratesthe principle of operation. A quarter cy-
cle(90°) at f;,/4 isthe same duration as afull cycle(360°)
a f;n. A cascade of two =2 stages using master-slave flip-
flops has four outputs(X, Y, XB, YB) which are separated
by 90° (Fig. 1, top four waveformsin Fig. 2). Atany instant,
only one of these outputsis connected to the subsequent +~ N
stage through a multiplexer (MUX). In order to swallow a
cycle and augment the total count of the frequency divider
by 1, the input of the + N stage is switched to a waveform
that islagging the current waveform by 90° (e.gfromX to Y
inFig. 1). For anarbitrary division factor, input cycles can
be swallowed by changing the control inputs of the MUX
appropriately. In the absence of phase switching, thedivider
chain hasadivision factor of 4 N. If the phases are switched
K timesin each cycle of the output of the divider chain, K
input cycles are swallowed and consequently, the division
factor is augmented by K and becomes4N + K. By vary-
ing K, programmability is achieved. The pulse generator
block (Fig. 1) generates K pulses per output cycle where K
isset by the programming inputs. A <4 counter (Fig. 1) can
be used as a 4state machine that is clocked by these pulses
and cyclesthroughfour states. Each state correspondsto one
of the four possible connectionsinthe MUX. A decoder de-
codesthe state and turnsthe appropriate switch ON (through
one of SX, SY, SXB, SYB) inthe MUX.

3. Glitch free phase switching

A potential problem with the architecture of Fig. 1 is
showninFig. 2. Theinput clock and the four waveforms(X,
Y, XB, YB) differing by 90° are shown. Shown below these
are two possible output waveforms. Theideal oneisthere-
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Figure 2. (Incorrect): Occurrence of a glitch during phase
switching due to improper signal timing, (Retimed) Elim-
ination of glitches by retiming of MUX input signals.

sult of switching from X to Y controlled by alow-high tran-
sition in SY at the correct instant. Switching at the incor-
rect instant causes a glitch which introduces an extra tran-
sition and results in a miscount of the synthesizer. From
these waveforms it is clear that the switching from wave-
X to wave-Y must occur when both X and Y are high. The
timing window for glitch-free switching is shown shaded in
thetop part of Fig. 2 for each of the four transitions(marked
with arrows). Thecircuit controlling the MUX must ensure
the correct timing.

If no precautions are taken, glitches are almost certain to
occur because

1. The delay of the divider and the logic circuit in the
feedback path that providesthe phase switching signals
cannot be determined accurately over processand tem-
perature variations.

2. As mentioned earlier, X must be changed to Y only
when X-Y=1. Y must be changed to XB only when
XB-Y=1 and so on(see the shaded regionsin Fig. 2).
So the correct “windows” are different for each of the
transitionsin the MUX.

In a previous implementation glitches were avoided by us-
ing along rise-time for the MUX control signals[2] which
isn't arobust solution or by using feedback from the output
of the MUX[3] which limitsthe speed dueto the delay inthe
feedback loop. Here we describe aretimer circuit (Fig. 3)
that takes as itsinput the four clocks X, XB, Y, YB and the
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Figure 3. Programmable divider employing glitch free
phase switching.
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Figure 4. (a) Retiming circuit used to achieve glitch free
phase switching, (b) pseudo-nMOS implementation

control signals SX, SXB, SY, SYB (decoder outputs). The
retimer generatesfour clocksCX, CY, CXB, CYB and corre-
sponding control signalsXON, Y ON, XONB, Y ONB whose
transitions are synchronized to the respective clocks so that
the possibility of glitchesis eliminated. These signals drive
the MUX. Consistent with the high speed requirement, the
retimer operates in a feedforward fashion as described be-
low.

The logic diagram and a pseudo-nM OS implementation
of the retimer are shown in Fig. 4. The output of a cross
coupled latch(YON) directs Y to the output of the MUX.
YON is pulled high if both X and Y are high and SY is
high(i.e. the decoder selects Y). YON is pulled low when
bothY and XB are high and SXB ishigh (the decoder selects
XB). In order to have both the clocks(CX, CY, CXB, CYB)
and the control signals(XON, YON, XONB, YONB) arrive
synchronously at the MUX inputs, a buffer whose delay is
the same asthat of the control signal generator isused onthe
clock line(lower part of Fig. 4). Its operation isillustrated
with the bottom waveformsin Fig. 2. SY goeshighwhen'Y
isdtill low. But the retimer’s outputs YON and CY are syn-
chronized to each other, thus avoiding aglitch. For each of
the other three clocks, identical circuits are used which gen-
erate the control signal for a particular clock in the proper
“window”.

multiplexed



From simulations, this circuit is found to work reliably
with variations in process and temperature. The arrival of
the clocks and the control signals at the inputs of the MUX
isfound to be practically coincident.

4. Divideby two stage

The block most difficult to design is the first -2 stage
which should operate at 5.3 GHz or more. Both a conven-
tional latch and a single phase latch[4] are too slow for our
purposes because they have alarge input capacitance dueto
the parallel connection of pMOS and nMOS gates. Dueto
its lower mobility and larger threshold voltage(in our case,
Vrny = 0.6V and Vprp = 0.9V), the pMOS transistor
contributes little to the current drive and alot to the capaci-
tances, and considerably slows down the circuit.

The latch proposed in [5] uses pMOS transistors in the
clock path and was found to work only up to & 2GHz in
our technology. Also, the 25% duty cycle of the output sig-
nals is inconvenient for phase switching. The source cou-
pled latch (e.g. [2]) has a reduced output swing which fa-
cilitates high speed, but due to stacking of many devices it
cannot be accommodated in alow supply voltage.

Using pseudo-nMOS gates enables a high speed opera-
tion while providing alarge output swing. For comparison,
we observe that in this technology, with a 1.8V supply, a3
stage CMOS ring oscillator oscillates at 2.5 GHz whereas a
3 stage pseudo-nM OS ring oscillator oscillates at 6 GHz.

Fig. 5 shows a pseudo-nMOS DFF whose outputs are
connected back to itsinputs(shown in dashed lines) to form
a +2 stage. NAND gates are used to form the latch since
they enable a compact layout where node parasitics can be
minimized. In order to have the inputs vary around the
switching threshold of the gates, CLK & CLKB are ac cou-
pled through 0.2 pF capacitors. Aninverter whoseinput and
output are tied together biases the DFF inputs to the cor-
rect dc level over process and temperature. A disable mode
in which the inputs to the +2 stage are tied to the opposite
rails prevents self oscillations. From simulations, the cir-
cuit (extracted from layout) was found to operate satisfac-
torily over process and temperature variations with 300 mv
peak inputs(singleended) at 5.5 GHz input whiledriving the
second +2 stage.

5. Thecomplete programmable divider

Fig. 3 shows the block diagram of the complete pro-
grammable divider. The division factor in absence of phase
switching is 216 (= 4N = 23 x 33%). The <2 stages use
the circuit shown in Fig. 5. Successive stages use smaller
transistors, since they are operating at a reduced speed.
Pseudo-nMOS inverters are used for interstage buffering
in the divider chain.

A +3 stage needstwo DFFs, one of which hasAND gated
inputs. Gating can be achieved simply by adding parallel
branches appropriately to the input of the DFF shown in
Fig. 5. To redlize division factors from 220 to 224, four to
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Figure 6. Chip photograph.

eight pulses are required and they are derived from the out-
puts of the last three stages. Combinational logic is used
to obtain the desired number of pulses from the 3 program-
ming bits. Theretimer circuitisshownin Fig. 4. The4State
counter, decoder and MUX shown in Fig. 3 are pseudo-
NMOS implementations. For the sake of measurement, a
string of CMOS invertersis used to buffer the output. It can
provide 0.6 V},, across a50(2 load. Broadband matching for
the clock inputsis provided by on chip 50€2 termination re-
sistors.

Fig. 6 shows the photograph of the chip. The entire test
chip measures 0.9mm? out of which the programmable di-
vider (excluding the buffers) takes 0.09 mm?2. Separate sup-
ply lines are used for the output buffers. On chip bypassing
is provided using MOS capacitors.

6. Measurement Results

The chips were tested by probing on wafer as well as by
wirebonding the dice to a printed circuit board. The differ-
ential inputs were provided using a hybrid. The output was
monitored on an oscilloscope and a spectrum analyzer.



Figure 7. (a) Divider sensitivity vs. input frequency at dif-
ferent supply voltages, (b) Different samples with V4=
1.8V and 2.2V.

Fig. 7(a) shows the minimum input amplitude required
for proper operation with three supply voltages(1.8V, 2.0V,
2.2V). The curves are qualitatively similar, but shifted to
the right with increasing supply voltage. Assuming 300 mV
peak (single ended) to be a reasonable upper limit of the
drive available from an on chip VCO, the corresponding
upper limit on the frequency can be ascertained from Fig. 7.
5.5 GHz operationis possible with asupply voltage of 2.2 V.
5.5GHz operation at 1.8V (with a300mV peak input) was
expected from simulations over process and temperature
variations, but was not achieved because some of the process
parameters of the experimental process shifted severely af-
ter submission of the layout. Measurement of several chips
across the wafer showed a consistent performance as can
be seen from Fig. 7(b). Consistent performance over all the
possible division factors was also verified.

Thecurrent drawn from the supply variesdlightly within-
put frequency and division factor. Thedivider draws amax-
imum of 24 mA, 30 mA and 37 mA respectively with supply
voltages 1.8V, 2.0V and 2.2 V.

For residual phase noise measurement, two dividerswere
run from a common input clock. The outputs were fed to
the phase detector in a HP3048A phase noise analyzer. The
measured noise is twice the noise of each of the dividers
and the jitter in the input clock is canceled. Details of this
measurement technique can be found in [6]. Fig. 8 shows
the results of the measurement. The residual phase noisein
the output is shown. The sum of the residual phase noise
of the two dividers at 1kHz offset is -130dBc/Hz. As can
be seen from Fig. 8, 10dB/decade behavior is maintained
down to 1Hz. The absence of 1/ f2 regions in the residual
phase noise is good for the overall synthesizer since the di-
vider contributesto the synthesizer’sjitter only at low offset
frequencies that are inside the PLL’s bandwidth.

HP 3048A Carrier: 24.09E+6 Hz
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7. Conclusions

A high speed programmable divider operating at a low
supply voltage is presented. A DFF capable of high speed
operationisdescribed. A retiming techniquefor reliableim-
plementation of phase switching programmable division is
given. Measurement results demonstrate the high speed ca-
pability and programmability of the presented circuits. Low
noise performance compared to other published circuits is
achieved despite the high frequency and low voltage opera-
tion.
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