
Abstract—A 4.8-6.8GHz phase-locked loop (PLL) with a power 
optimized multi-modulus divider (MMD) for wireless and radar 
applications is presented in this paper. Based on the timing delay 
analysis and the self-oscillation frequency of the divider cells, the 
power consumption of the divide-by-two circuit (DTC) and 
divide-by-2/3 cells can be optimized, and thus minimum power 
consumption for divider chain can be achieved. To extend the 
frequency tuning range of the voltage controlled oscillator (VCO) 
without significant phase noise degradation, PMOS switches are 
used to reverse bias the parasitic diode. The proposed PLL 
achieves a measured tuning range of 34% and measured phase 
noise of -86dBc/Hz@10kHz offset and -114dBc/Hz@1MHz offset 
with a center frequency of 6.56GHz, and it consumes 64mW from 
a 2.0V supply voltage. The PLL system for a radar transceiver is 
implemented in a 0.13μm SiGe technology with a core area of 
1.35×0.65mm2. 

Index Terms—PLL, Multi-Modulus Divider, Phase Noise, 
Power Optimization, Wireless Transceiver. 

I. INTRODUCTION 

With the improvements in semiconductor process, low-
cost consumer applications for radar transceiver have been 
proposed, such as automotive collision avoidance, cruise 
control, and fluid-level indicators. High performance local 
oscillator (LO) signals with clean spectrum are required to 
down-convert the received signal and up-convert the base-
band signal to radio-frequency (RF) signal for radar 
transceiver. PLL is such a system that can be used to generate 
LO signals with large frequency range by tuning the integer or 
fractional division ratio. This paper presents an integer-N PLL 
system comprised of a wide-band VCO, DTC, MMD, phase-
frequency detector (PFD) and charge pump (CP) in current-
mode logic (CML) type, and divider modules to generate 
clocks and LO signals for mixers and direct digital 
synthesizers (DDS).  

Among the building blocks of a PLL system, VCO plays 
a key role in generating a clean spectrum since it dominates 
the out-of-band phase noise performance. Recently, a tail 
current shaping technique has been proposed to improve the 
phase noise of CMOS VCOs [1]. Similarly, the current 
shaping technique can also be used to decrease the noise 
performance of bipolar VCOs. With the filtering capacitor at 
the current tail, the VCO phase noise can be improved by 
3.5dB according to the simulation results. Usually, the phase 
noise performance of a VCO is better with smaller VCO 
tuning gain. In order to improve the phase noise and cover 
large frequency tuning range, the overall frequency range can 
be divided into 16 or more sub-bands controlled by numbers 
of MOS switches [2]. However the utilization of MOS 

switches will increase the parasitic capacitance to the VCO 
load and thus narrow the frequency tuning range. To address 
this problem, static bias voltage is applied to those parasitic 
diodes. 

A frequency divider is a critical building block in high-
performance clock synthesizers. In order to divide the high-
frequency VCO output, the divider speed and power trade-off 
should be carefully considered at an early design phase. 
Minimum power consumption for CMOS dividers based on 
CML can be achieved by choosing the optimum transistor size 
and operating point [3].  However, in practical applications, it 
is not intuitive to use such a design methodology for divider 
design.  

Usually a divider circuit has a self-oscillation frequency 
Fosc which requires minimum input power to divide the input 
signal [4]. To find Fosc, i. e. the frequency at which the DTC 
and divide-by-2/3 cell resonate, a simplified design technique 
based on timing delay analysis is proposed. With the proposed 
optimization technique, the CML divider chain can achieve 
minimum power consumption in either CMOS or bipolar 
technology. After the minimum input power at Fosc of dividers 
is found, the signal swing should be kept large enough to 
tolerate process, voltage, and temperature (PVT) variation. 
Besides, the input signal swing should also be kept large to 
improve the phase noise performance of the divider. To 
accomplish optimum divider design, it is desirable to make 
clear trade-off between the phase noise, power and speed.  
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Fig. 1 System diagram of the proposed PLL system 

The proposed PLL architecture is shown in Fig. 1. The 
output signal of VCO is first divided by 2 before feeding to 
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the MMD to relax the time requirement. Five stages of divide-
by-2/3 cell similar to [5] are used to achieve a divide number 
from 32 to 63. The LO signal for the first RF mixer is 
connected to the buffer following the VCO. One additional 
DTC is adopted to generate the second LO signal for IF mixer, 
and DDS. Different from conventional PLL structures which 
use CML-to-CMOS level converter [6], the divided VCO 
signal is directly fed to the phase detector in CML voltage 
level to reduce the reference spur. The tri-state PFD and 
charge pump is also implemented in CML with a signal swing 
of 200mV. Moreover, in order to reduce the reference spur 
caused by mismatch of sinking and sourcing current and to 
increase the voltage headroom, a Bi-CMOS charge pump is 
adopted.  

The organization of this paper is as follows. In Section II, 
the design of VCO and divider are discussed in depth. 
Moreover, the proposed optimization methodology of DTC, 
divide-by-2/3 cell, and whole divider chain are explored.  
Circuit implementation and measurement results are described 
in Section III. Finally, conclusions are drawn in Section IV. 

II. CIRCUIT DESIGN 

A. VCO with Extended Tuning Range 
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Fig. 2 Schematic of the proposed VCO with extended tuning range 

A multi-band VCO with 4-bit MIM capacitor array and 
tunable current tail is adopted to provide wide tuning range as 
well as low phase noise performance. Fig. 2 presents the 
proposed bipolar NPN cross-coupled VCO.  A symmetric 
inductor with deep trench is used to provide better isolation 
from noise coupling from substrate. Conventional switches 
used for coarse tuning between different VCO bands consist of 
three NMOS transistors [2]. However, parasitic capacitances 
resulted from parasitic drain (n+)-to-substrate (p+) diodes vary 
with the dc voltage applied to its drain, i.e. the smaller the dc 
voltage, the larger the parasitic capacitance. When the NMOS 
transistors are off, the drain of the NMOS switch would be 
floating and close to zero and thus large parasitic capacitance 
loads the LC tank. Moreover, to decrease the series resistor 
and increase the quality factor of the capacitor array, the 
NMOS transistors for switches are usually realized with large 
dimensions. Then the large tuning range is suffered from these 
parasitic drain-substrate diodes. In order to widen the VCO 
frequency tuning range, when the NMOS switches are off, a 
dc voltage equal to supply voltage is applied to the drain 

through small PMOS transistors as shown in Fig. 2. With the 
proposed frequency extending technique, the simulated 
frequency tuning range can be increased from 2.32GHz to 
2.74GHz, which is 18% improvement. A noise filtering MIM 
capacitor is used to reduce the noise up-conversion from the 
current tail and the simulated improvement is 3.5dB.  

The bipolar transistor can be easily broken down with a 
2.0-2.2V supply voltage since its collector-emitter break down 
voltage Vceo is 1.6 Volts. In order to avoid break down, the 
bias voltage vb as shown in Fig. 2 should be large. However, 
large vb will force the bipolar transistor into saturation region 
which is not desirable since the VCO phase noise will be 
degraded in this operating region.  The following equations 
should be met to maintain the largest signal swing for best 
phase noise performance and avoid break down: 

��� < ��� − (1 + �)�	
� − ������       ������������ > ��� + (1 + �)�	
� + ��� − ���� ����� !�"�         (1)  

where voltage divider ratio � = #
/(#
 + #$) is introduced to 
alleviate the requirement of breakdown voltage. Avco is the 
single-ended VCO signal amplitude. Vmargin=0.2V and 
Vth=0.5V are the voltage margin from saturation and threshold 
voltage of bipolar transistor, respectively.  According to the 
noise equation (66) of bipolar cross-coupled differential LC-
tank VCO [7], we know that the larger the voltage divider 
ratio n, the better the phase noise. To prevent break down, 
n=2/3 is chosen and the corresponding maximum differential 
signal amplitude  �	
� is 0.54V.  
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Fig. 3 Divide-by-2 circuit: (a) Circuit schematic and (b) simplified waveforms 
for derivation of self-oscillation frequency 

B. Power and Speed Optimization for DTC 
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Conventional CML structure is used to implement the 
DTC and divide-by-2/3 cell. Fig. 3 presents the DTC 
schematic and output waveforms under self-oscillation mode. 
Analytic design equation of Fosc will be developed to achieve 
the optimum performance. The outputs of latch1 and latch2 
have 90° phase difference and the output voltages can only 
swing from VDD-0.25VSW and VDD-0.75VSW.  As shown in 
Fig. 3 (b), the corresponding current flowing through the load 
resistor and capacitor are 0.25IB and 0.75IB when the VOP 
equals to VDD-0.25VSW and VDD-0.5VSW, respectively.  

By assuming that the output signal VOP=VDD-0.25VSW, 
VON= VDD-0.75VSW at initial time t=0, the output voltage can 
be derived as 

%��&(�) = ��� − '.*	,-0 [2#(�3 456 − 1) + � + 0.59] 
��:(�) = ��� + '.*	,-0 ;2#(�3 456 − 1? + � − 1.59]  (2) 

where the signal swing is VSW=IBR. By equating the above 
two equations and let t=T, we can get  

�3 @56 = 1 − '.*0A
                          (3) 

The above function can be solved with numerical method 
and the result is T=1.594RC. Therefore, the self-oscillation 
frequency of DTC can be expressed as 

B�C�,E�� = FG0 = FG×F.*HGA
 = '.F*IJKLA(MN)
(OP)                    (4) 

With equation (4), it is nontrivial to derive the load resistor 
when we know the estimated parasitic capacitance. Fig. 5 
illustrates the calculated and simulated Fosc of a DTC example. 
The simplified model predicts the self-oscillation frequency 
with an error less than 5%.  

 
Fig. 4 Comparison of calculated and simulated self-oscillation frequency of 
DTC with R=250Ω, and IB=0.8mA. 

To ensure proper operation of DTC, the gain of each 
latch stage should be large enough to sample and hold the 
input signal and the criterion is  

Q���$�O = gR2 = '.*ST	@ × 2 = '.*	,-	@ > 1            (5) 

It can easily be met with bipolar transistors since the 
chosen signal swing VSW is usually at least four times the 
thermal voltage VT=26mV. Only minor modifications should 
be made to equation (5) before applying to CMOS divider 
circuits and it can be written as 

Q������C = U×('.*ST)	V,3	@W × 2 = ST×A	V,3	@W = 	,-	V,3	@W > 1   (6) 

where the gm is a first-order approximation of MOS trans-
conductance [8]. Similar to bipolar transistors, equation (6) 
can also be met straightforwardly because the desired VSW 
should be usually larger than the overdrive voltage VGS-VTH to 
fully switching the differential pairs.  

 
Fig. 5 Simulated sensitivity curves of the DTC with R=250 Ω, C=130fF and 
phase noise performance with different input signal 

Fig. 5 shows the sensitivity curves of the DTC at 3 
different bias condition and phase noise variation with input 
signal. The simulated Fosc is around 9.3/2=4.65GHz and the 
calculation result is 4.83GHz which is 3.9% higher than that 
of simulation. On the other hand, since the phase noise 
performance of DTC depends on the input power, as shown in 
Fig. 5, the input signal should be large enough to avoid phase 
noise degradation. 
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Fig. 6 Circuit schematic of divide-by-2/3 

C. Design Divide-by-2/3 and MMD  

The other main building blocks for MMD is the divide-
by-2/3 cell as shown in Fig. 6, which is made up of two groups 
of components: (1) gate G1, latches DL1 and DL2 for divide-
by-2/3; (2) gate G2 and G3, latches DL3 and DL4 for divide-by-
3 only. The design of latch DL1 and DL2 can follow the 
previous optimization method of DTC by considering the 
delay introduced by gate G1. However, the design of divide-
by-3 mode is different from DTC and it can be simplified by 
treating all the latches and gates as the same unit delay stages.  
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Fig. 7 Die photo of the implemented PLL Fig. 8 Measured phase noise of PLL with BW=100kHz, Fref=80MHz 

The whole divider chain for PLL includes one DTC and 
five stages of divide-by-2/3 cells. The most critical stage is the 
first DTC stage since it should be able to operate at the VCO 
frequency. With the proposed power optimization for DTC, 
we can easily obtain the resistor load and power for the 
required speed. The power consumption for divide-by-2/3 cell 
for MMD can be scaled down with the input frequency. Since 
the noise will accumulate when going through cascaded 
divider stages, the output signal of the MMD is 
resynchronized with VCO divide-by-2 signal.  

III. IMPLEMENTATION AND MEASURED RESULTS  

The wide-band PLL was implemented in 0.13Xm SiGe 
BiCMOS technology and the die photo of the core PLL is 
shown in Fig. 7. The PLL including driving buffers for T/Rx 
mixer and DDS clock occupies an area of 1.3x0.65mm2.  The 
whole PLL consumes 32mA from a 2.0~2.3V supply voltage. 
As shown in Fig. 8, the measured phase noise of the PLL is -
86dBc/Hz and -114dBc/Hz @ 10 kHz and 1 MHz offset with 
a center frequency of 6.56GHz, respectively.  

 
Fig. 9 Measured VCO frequency tuning range 

The measured VCO frequency tuning range is shown in 
Fig. 9. The overall frequency tuning range is around 34% and 
the VCO tuning gain is around 350MHz/V. The performance 
summary for the PLL frequency synthesizer is given in Table 
I. 

IV. CONCLUSION 

A wide-band PLL for wireless and radar transceiver 
applications has been implemented in 0.13Xm SiGe BiCMOS. 
A multi-band VCO with parasitic diode biasing technique for 
extended frequency tuning range is adopted. An analytic 
design methodology based on timing analysis is proposed to 

optimize the divider design.  The PLL achieves 34% tuning 
range with phase niose of -114 dBc/Hz@1MHz offset. It 
consumes 64 mW power from a 2.0 V supply and occupies a 
core area of 0.88 mm2. 

TABLE. I  PERFORMANCE SUMMARY OF THE PLL. 

Technology 0.13μm SiGe BiCMOS 

Power Consumption  32mA from 2.0~2.3 V supply 

Output Frequency 4.8-6.8GHz 

Phase Noise  -86dBc/Hz@10 kHz, -114dBc/Hz@1MHz 

Reference Spur < -65dBc 

Loop bandwidth  100kHz with 80MHz Fref 
Area (mm2) 1.35x0.65 
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