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11. 6-GHz 0. 18-pm monolithic CMOS phase-locked loop
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Abstract: A design of a 11.6-GHz phase-locked loop ( PLL) fabricated in 49-GHz 0. 18-um CMOS
(complementary metal-oxide-semiconductor transistor) technology is described. An analog multiplier phase

detector (PD), a one-pole passive low pass filter and a three-stage ring oscillator with variable negative-

resistance loads build up the monolithic phase-locked loop. The measured rms jitter of output signal via on-

wafer testing is 2.2 ps under the stimulation of 2*' -1 bit-long pseudo random bit sequence (PRBS) at the bit
rate of 11. 6 GHz. And the tracking range is 250 MHz. The phase noise in the locked condition is measured to be
- 107 dBc/Hz at 10 MHz offset, and that of the ring VCO at the central frequency is —99 dBc/Hz at 10 MHz
offset. The circuit area of the proposed PLL is only 0.47 mm x 0. 72 mm and the direct current (DC) power

dissipation is 164 mW under a 1. 8-V supply.
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High-speed loops
(PLLs) are an indispensable part of clock recovery cir-

low-power phase-locked
cuits and frequency synthesizers, and have wide appli-
cation in optical data links, synchronous digital hierar-
chy (SDH) systems and wireless communication. In
the multigigahertz range, most of the analog circuits
have been implemented in BiCMOS or GaAs in the
past. From the view of system integration, it is desira-
ble to design these kinds of circuits in CMOS technolo-
gies for the realization of system on chip (SOC)'".
This paper describes the design of an 11.6-GHz
PLL with a tracking range from 11. 39 to 11. 64 GHz.

1 PLL Architecture

Fig. 1 shows the block diagram of our PLL, a fair-
ly standard topology consisting of six parts, an input
buffer, a phase detector (PD), a low-pass filter(LPF), a
voltage-controlled oscillator ( VCO), a shifter and an

output buffer'".
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Fig.1 Phase-locked loop architecture

The PLL incorporates fully differential circuits in
both the high-frequency signal path and the frequency
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control path to improve the common-mode rejection.
2 Building Blocks

2.1 VCO

The design of the VCO directly affects several
critical parameters of the PLL, such as speed, timing
jitter, spectral purity, and power dissipation. Although
LC topologies can achieve a lower phase noise, their
limited tuning range may lead to narrow tracking range
of the PLL. So we chose a wide range ring oscillator in
our first design in 0. 18-um technology.

There are three stages in this ring oscillator'” . As
shown in Fig. 2, each stage is a differential amplifier
with variable negative-resistance load”™ . The load of
the differential pair consists of two resistors R, and R,
(R, =R, =R,) and the cross-coupled pair M3-M4. As
the current of M3 and M4 increases, the small-signal
resistance — 1/g, . becomes less negative, and the
equivalent resistance R //( -1/g,. ) increases, which
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Fig.2 Implementation of each stage
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may lower the operating frequency of the oscillator' .
2.2 Phase detector

The phase detector realizes the conversion from
phase to voltage. Although there are many design tech-
niques of CMOS PDs, a simple Gilbert cell which be-
haves as an analog multiplier is employed'® . The ad-
vantage of the analog multiplier PD is its high opera-
tion speed as compared with other implementations
such as XOR PD, DFF PFD, bang-bang PD etc!”. As
shown in Fig. 3, it compares the phase of input and
output of the oscillator after shifting, then converts the
phase error to the voltage.
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Fig.3 Phase detector

2.3 Low-pass filter

The general phase-locked loop is considered as
the second order. In principle, the low-pass filter can
include more poles to achieve sharper cut-off character-
istics, a desirable property in many applications. How-
ever, it is difficult to make such systems stable, espe-
cially when process and temperature variations are
taken into account. Therefore, in this design we employ
a one-pole passive low-pass filter, which just consists
of a capacitor and a resistor'®'.

3 Experimental Result

Our PLL has been fabricated in a 49-GHz 0. 18-
pm CMOS technology. Fig. 4 is a photograph of the
die, in which active area is about 470 pm x 720 pm.

Fig.4 PLL die photograph

Via on-wafer testing, the total supply current is 91
mA under a 1. 8-V supply. Of this value, approximate
42 mA is drawn by the VCO, 16 mA by the output
buffer, and 33 mA by the phase detector and shifter.

The measured output of the oscillator in the fre-
quency domain is depicted in Fig. 5(a). The operating
frequency is 11. 57 GHz, and the phase noise is —99
dBc/Hz at 10 MHz offset. Fig. 5(b) is the corre-
sponding output in time domain.
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Fig.5 Measured VCO output. (a) Spectrum of the VCO;
(b) Output of the VCO in time domain

Fig. 6 shows the measured output in the time do-
main when the circuit is locked to a 11. 57 GHz input
whose amplitude is 100 mV. The bottom window dis-
el ™ |
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Fig.6 Measured PLL output in time domain. (a) Wave-

forms of PLL output; (b) Jitter histogram of PLL output
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plays one of the edges on a horizontal scale of 50
ps/div, revealing an rms jitter of 2.2 ps and a peak-
to-peak jitter of 39 ps. The PLL achieves a tracking
range of 250 MHz.

The performance of PLL has also been examined
in the frequency domain. As shown in Fig. 7, when
the loop is locked, the phase noise is — 107 dBc/Hz at
10 MHz offset.
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Fig.7 PLL output spectrum

All the performance of our PLL is summarized in
Tab. 1.
Tab.1 The performance of our PLL

Parameters Value

Center frequency/GHz 11.57
Amplitude of V,,/mV 100

Power dissipation/mW 163. 8

Tracking range/GHz 11.39 to 11. 64
Rms jitter/ps 2.2
Amplitude of V_,/mV 73
Phase noise/dBc@ 10 MHz -106. 6
Chip size/mm?® 0.47 x0.72

The pretty good results are attributed to the fol-
lowing considerations.

First of all, the post-simulation is especially nec-
essary in the design of high-speed circuits. In high-
speed circuits, large differences can be found between
the experimental results and the results of pre-simula-
tion, but the results of post-simulation are close to the

experimental results, as shown in Tab. 2.
Tab.2 Comparison between simulations and result

Process Center frequency/GHz  Amplitude/mV
Pre-simulation 13. 67 160
Post-simulation 11.36 180

Experimental result 11.57 186

Secondly, the proper model should be chosen.
There are two models in TSMC 0. 18-pm CMOS
technology. One is the mixed signal model, and the
other is the radio frequency (RF) signal model. They
are designed for different situations. The mixed signal
model is suitable for the design of high-speed, large-
scale and high-power circuits. While, the RF signal
model is suitable for the design of small-scale, low-

power and low-noise circuits' . Therefore, we should
choose the mixed signal model. In addition, it can be
proved that the mixed signal model is not bad in
noise.

In addition, it is also very important to optimize
the layout in the design of high-speed circuits. Espe-
cially, to optimize the key transistors, we employ fol-
ded structure in differential transistors of VCO, and
from the result of the post-simulation, the center fre-
quency of VCO increases beyond 1 GHz'*'.

Also, the antenna effect, latch-up, reference dis-
tribution, resistors and capacitors of metal layers are
taken into account''”’.

Finally, simple structure should be employed in
the design of high-speed circuits. Fewer devices can
reduce parasitical effects in the layout for achieving
high speed.

4 Conclusion

The high-speed circuit techniques mentioned
above make it possible to design high-performance
phase-locked loops and clock recovery circuits in very
large scale integrated circuit technologies. Based on
these techniques we designed a monolithic CMOS
PLL with the center frequency of 11. 6 GHz. The os-
cillator jitter in the locked condition is reduced to an
rms value of 2. 2 ps.

The circuit can not only be used for demodula-
tion and frequency synthesis applications, but also be
used in clock recovery with the addition of a prepro-
Cessor.
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