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Abstract: A CMOS fully-differential 2. 4GHz 2-/\ frequency synthesizer for Gaussian minimum shift keying
(GMSK) modulation is presented. A pre-compensation fractional-N phase-locked loop(PLL)is adopted in the mod-

ulator. The transfer function of the type-[[ third-order phase-locked loop is deduced,and the important parame-

ters that affect the loop transfer function are pointed out. Methods to calibrate the important loop parameters are
introduced. A differential tuned LC-VCO and a fully-differential charge pump are adopted in the PLL design. The
designed circuits are simulated in a 0. 18m 1P6M CMOS process. The power consumption of the PLL is only about

11mW with the low power consideration in building blocks design,and the data rate of the modulator can reach

2Mb/s.
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1 Introduction

GMSK modulation is suitable for low power,
portable applications because the linearity re-
quirement of the PA decreases''’ . In recent years,
GMSK modulators stud-
ied”~"). There are basically three methods to re-
alize a GMSK modulator. The first is the Carte-

[2~5]

have been actively

sian architecture ,which is in fact a quadrature
up-conversion structure. Mismatch between the I
and Q paths will distort the modulation signal. It
uses two DA converters, two anti-alias filters,and
two mixers to achieve the GMSK modulation.
Many circuit components are used, and thus the
power consumption is inevitably large. The second
method is the open-loop modulation of the
VCO" ', The drawback of this method is that
the frequency of the VCO drifts with temperature
variation and the current leakage and modulation
data are affected by the VCO phase noise. One
DA converter and one filter are still needed, and
they consume some power. The third method is
the fractional-N PLL closed-loop modulation'®"'" .
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A digital >-/\ modulator is applied in this meth-
od,avoiding the use of a DA and filter. Thus the
power consumption can be reduced. But the modu-
lated data rate is limited by the loop bandwidth of
the PLL. In order to resolve this problem,a pre-
compensation filter is added after the Gaussian
filter to compensate the loop bandwidth of the
PLL"". The disadvantage of the X-/\ frequency
synthesizer with pre-compensation filter is the
mismatch between the transfer function of the
pre-compensation filter, and the inverse of the
PLL’s transfer function will deteriorate the GM-
SK modulation.

Some works''*"**) have introduced the digital
calibration method of the PLL frequency re-
sponse. In this paper,the transfer function of the
PLL is deduced, and the critical parameters af-
fecting the transfer function of the PLL are point-
ed out. Some measures to calibrate the PLL are in-
troduced. The fully-differential PLL is implemen-
ted to overcome the noise from the supply and the
substrate. The power consumption of the PLL is
about 11mW. The modulation data rate can reach
2Mb/s. The low power design consideration will
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be introduced in the building block description. ILHOD Kvco % 1
Hope (5) = S Nuw (y)
. close -
2 Transfer function of the PLL 1+ 1 H(p Kyco o 1
°® s N

2.1 Modulator structure

The structure of the >-/ PLL modulator is
shown in Fig. 1. A pre-compensation >-/\ fre-
quency synthesizer'™' is adopted. The PLL is a
type- Il third-order loop. PD/PFD is a phase detec-
tor or phase frequency detector. The charge pump
(CP) and the voltage-controlled oscillator (VCO)
are fully-differential in structure. The program-
mable divider is based on a pulse-swallow topolo-
gy. These circuit structures will be discussed in de-
tail in section 3.
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Fig. 1 Structure of the 2-/\ PLL modulator

The current of the charge pump is 25pA. The
VCO gain is about 30MHz/V, and the divider
number is from 116 to 124. In the second-order
loop filter, the values of R,, C;, and C, are
30. 9k ,49. 24pF, and 2. 92nF, respectively. Using
these circuit components, the loop bandwidth of
the PLL is 80kHz and the phase margin is 51. 8".

The transfer function of the PLL is deduced
below to find the critical parameters in the PLL.

2.2 Transfer function of the PLL

The open-loop transfer function H,, (s) of
the PLL in Fig.1 is expressed as

Ho,(s) = I H(f) Kveo s 1 0

s N o
where I, is the current of the charge pump, H(f)
is the transfer function of the loop filter, Kyco is
the VCO gain,and N, is the average modulus of
the divider.

The closed-loop transfer function H... (s)
seen from the programmable divider is

Substituting resistor R, ,capacitor C; and C,

into H(f),we get
1

Hclosc(s) = L Nnoron Sz(] " STl) 3
IcpKVCO 1+ 5T,
where Ay =C, +C,,T,=R,Cy,and T, = R,C, X
C,/A,.

When sR,C,>1,the following formula is ob-
tained through simplification:

1
Hcosc B 5
lose (8 Nnmmcls“4_Nnorm(C1+C2)S+1
IcpKVCO IcpKVCORZ CZ
4

From this formula, we can see that the
closed-loop transfer function is sensitive to I,
KycosCi»Cy and R, . According to Ref.[14], the
unit gain bandwidth (UGBW) of the PLL should
be kept constant to minimize any mismatch with
the pre-compensation filter, where the UGBW is

IR, C; Kveo (5)
21N wom (C1 + C2)

Reference [ 14 ] shows that it is enough to
keep the product of I, and R, constant. Accord-
ing to the first term in the denominator of
Eq. (4) ,the conclusion is not precise. The match-
ing degree of the PLL and the pre-compensation
filter is also dependent on the value of I,.

The magnitude and phase of the transfer
function varies with £10% change of C,,C,,and
R, ,as shown in Fig.2. The magnitude changes by
about 1dB. When I, and Ky, change by £ 10% ,
the magnitude also changes by about 1dB. A

UGBW =

Bode diagram
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Fig. 2 Closed-loop transfer function as it varies with
+10% change of C,,C,,and R,
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change in the transfer function of the PLL can VD

lead to the inter-symbol interface (ISI) and fre-
quency deviation of the modulation signal. Thus
the loop must be calibrated.

The current of the charge pump I, is provid-
ed by the bandgap current source to keep its preci-
sion. The resistor R, and the capacitor C, are rel-
atively large. They are off-chip and can be select-
ed relatively accurately. Capacitor C; is an on-
chip 4-bit switchable-capacitor array. C; can be
calibrated through the 4-bit digital control. The
gain of the VCO, Kyco,is not calibrated in this
design. Some calibration methods in the literature
can be used and will be implemented in future
work.

3 Building block

In this section, the building blocks, including
differentially tuned VCO, fully-differential charge
pump,and programmable divider of the PLL, will
be introduced.

3.1 VCO structure

The differentially tuned LC-VCO can reduce
the effect of the common-noise on the control in-
put signal™’ and extend the tuning range of the
VCO. The gain of the VCO, K¢ scan be reduced
to improve the phase noise performance™® with
the expanded tuning range. The differentially
tuned LC-VCO is adopted,and the binary switch-
able-capacitor array is implemented to extend the
tuning range further. With the expanded tuning
range, K vco is reduced to 30MHz/V.

The structure of the VCO is shown in Fig. 3.
The pMOS transistors M1 and M2 and the nMOS
transistors M3 and M4 constitute the cross-coupled
pairs. They generate negative resistance to cancel
the loss in the LC tank. The inductors L, and L,
are circular inductors. Their quality factor is about
8.3 at 2. 4GHz. The bias current is provided by
the pMOS transistor MB. A pMOS transistor is
used because the 1/f noise of a pMOS transistor is
less than that of an nMOS transistor.

The varactors D1, D2, D3, and D4 are pn-
junction varactors. The resistors R, and R,, R;
and R, directly bias D1 and D2,D3 and D4 to the
power supply and ground GND,respectively,avoi-
ding the need for complex bias circuits. The
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Fig. 3 Schematic of the VCO

switchable-capacitor array is controlled by a 4-bit
digital signal. The switch consists of nMOS tran-
sistors MS1, MSZ2,and MS3. This structure assures
that the drain and source of the switch MS1 are
connected to ground when the switch is on and
the turn-on resistance of the switch is reduced.

The differentially-tuned VCO is designed in
the current-limited regime'*’ to reduce the cur-
rent consumption.

3.2 Charge pump and loop filter

Here, the structure of the charge pump in
Ref.[17], a fully-differential structure,is adopt-
ed. Figure 4 shows the schematic of the charge
pump and the loop filter. A1 and A2 are unity-
gain buffers to keep the input voltage and output
voltage of the buffer equal. The amplifier A3 is
part of a common-feedback circuit that keeps the
common of the VCO’s control voltage at the volt-
age REF. The loop filter is a passive second-order

VDD
Mp1 ]|

Mp2ls, %

M1 M2 PNPUPR* 15 M6

Fig.4 Structure of the charge pump and loop filter
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filter consisting of resistor R, and capacitors C,,
C,. The active loop filter consumes additional
power,so a passive loop filter is adopted in this
design.

3.3 Frequency divider

Figure 5 shows the structure of the frequency
divider, which consists of a + 8/9 prescaler, a
fixed-ratio counter P,and a programmable swal-
low counter S. The adoption of a dynamic divider
reduces the power consumption of the phase-
locked loop"'®' . The E-TSPC + 2/3 divider and + 2
TSPC in Ref.[ 18] are adopted. The current con-
sumption of the + 8/9 divider is about 1.67mA
with a 1.8V voltage supply by simulation. The di-
vider modulus of the swallow divider is from 4 to
12,and the division ratio of the total frequency
divider is from 116 to 124. The FF is a synchroniz-
er to reduce the accumulated jitter of the divider.

— 8/9 > P > FF |—

P=14
3

S

S=4...12

Fig. 5 Structure of the frequency divider

The diagram of the pulse-swallow divider is
shown in Fig.6.In order to reduce the power dis-
sipation of the divider,the method in Ref.[20] is
adopted to omit the swallow divider. The state of
the fixed-ratio divider ( P divider) is detected.
When its state reaches the set value S{(1 : 4),the
8/9 divider divide ratio changes. Thus, the swal-
low divider is eliminated to reduce the power con-

Asynchronous divider Synchronous divider

(EE ) Lhovzy [ Jon=3 At ones
fan IL’ 15PC o7 1 oFFI [l Porr2 [22=D P MTe
| |4

L0AD ?_oan Loan |

Fig. 6 Structure of the pulse-swallow divider

sumption. The last two counters of the fixed-ratio
divider are realized with a synchronous divider to
improve the speed performance.

4 Simulation results

The phase-locked loop is simulated with a
0.18um 1P6M CMOS process. The layout of the
PLL is shown in Fig.7. The area of the PLL is a-
bout 2. Imm X 2. 4mm. As can be seen,the area of
the test circuit is more than a quarter of the total
area.

Fig. 7 Layout of the phase-locked loop

The tuning range of the VCO with 4-bit dig-
ital control is shown in Fig. 8. The tuning range is
from 2. 2 to 2. 65GHz, covering 450MHz. Ko is
about 30MHz/V. The phase noise of the VCO at
2.415GHz reaches —119dBc/Hz at 1MHz fre-
quency offset from the carrier through simula-
tion.
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Fig. 8 Tuning range of VCO

The spectrum of the VCO output is plotted in
Fig. 9 for a data rate of 1. 42Mb/s. The bandwidth
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of the digital Gaussian filter is 0. 6MHz, and the
modulation index is 0. 54. The maximum data rate
of the modulator is 2Mb/s.
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Fig. 9 Simulated RF spectrum

The current consumptions of the VCO, +8/9
divider.,and differential-to-single converter are a-
bout 2. 14,1. 67,and 1mA, respectively. The total
current consumption of the PLL is about 6. 2mA
with a 1. 8V power supply. The total power con-
sumption is about 11mW. The output buffer’s cur-
rent consumption is about 4mA.

A performance comparison of the PLL de-
signed here to those reported in the literature is
listed in Table 1. As can be seen, the phase noise
performance is comparable to other designs, and
the power consumption is very low. A fully differ-
ential structure is adopted in the design to im-
prove immunity to the substrate and power noise
and to decrease the power consumption compared
to the devices described in Refs.[21] and [18].
Low power and insensitivity to noise make this
PLL suitable for portable and system-on-chip

(SOC) applications.
Table 1 Performance comparison of the PLL
fo Pac | L@1MHz
Reference| Structure i Process
/GHz | /mW |/(dBc/Hz)
[21] Singly tuned | 2.4 17 - 104 0. 2pm CMOS/SOI
[18] |Singly tuned | 5.035 | 13.5 - 116 0. 25um CMOS
[5] Fully diff. 1.4 84.05 -120 0. 35,m CMOS
[22] Fully diff. 1.278 | 16.32 -119 0. 5um CMOS
This work | Fully diff. | 2.415 11 - 119 0.18;m CMOS

5 Conclusion

A GMSK modulator consisting of a fully-dif-
ferential low power >-/\ frequency synthesizer
with a pre-compensation filter is presented in this
paper. The transfer function of the type- [ third-
order phase-locked loop is deduced. The fact that
the closed-loop transfer function is sensitive to the
loop parameters I,,C;,,C;,, R, and Kyco is point-

ed out. Methods to calibrate /.,,C;,C, and R are
introduced to improve the data rate of the modu-
lator. A differential tuned LC-VCO and a fully-
differential charge pump are adopted in the PLL
design. The circuits are simulated in a 0.18um
1P6M CMOS process. The tuning range of the
VCO is from 2. 2 to 2. 65GHz,about 18. 6% . With
the designed PLL, the data rate of the modulator
can reach 2Mb/s. The power consumption of the
total PLL is only about 11mW. The modulator is
suitable for portable and SOC applications with
low power and fully differential design.
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