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A 2-V, 1.8-GHz BJT Phase-Locked Loop
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Abstract—This paper describes the design of a bipolar junc- uD

tion transistor phase-locked loop (PLL) for XA fractional-N Vet — PFD Loop Ve VFO v
frequency-synthesis applications. Implemented in a 0.gm BiC- Filter vio
MOS technology, the PLL can operate up to 1.8 GHz while MG

consuming 225 mW of power from a single—2-V supply. The

entire LC-tuned negative-resistance variable-frequency oscillator 1

is integrated on the same chip. A differential low-voltage current- Vdiv

mode logic circuit configuration is used in most of the PLL’'s N+m

functional blocks to minimize phase jitter and achieve low-voltage
operation. The multimodulus frequency divider is designed to
support multibit digital modulation. The new phase and fre-

quency detector and loop filter contain only npn transistors ZA le— Frequency Control
and resistors and thus achieve excellent resolution in phase Modulator
comparison. When phase locked to a 53.4-MHz reference clock,
the measured phase noise of the 1.6-GHz output is91 dBc/Hz Fig. 1. A XA fractional-N phase-locked loop.
at 10-kHz offset. The frequency switching time from 1.677 to

1.797 GHz is 150us. Die size is 4300¢< 4000um?, including the

[ m(t)

passive loop filter. The severe tradeoff between the channel frequency spacing
Index Terms—Fractional-N, frequency synthesis, low-voltage @nd freguency SYV'tCh'ng time can be mitigated by using
current-mode logic (LVCML), phase-locked loop. fractional-N PLL’s [1]-{4]. As shown in Fig. 1, the digital

>A modulator generates a stream of integer&) that can
interpolate a fractional number corresponding to the frequency
control input. Most of the quantization noise arising from the
N radio-frequency wireless transceivers, frequency synthaterpolation can be deployed outside the frequency band of
sizers based on the phase-locked loop (PLL) architectuigerest so that it can be removed by the PLL’s loop filter. The
are often used as local oscillators for up and down frequengiiide ratio of the multimodulus frequency divider (MMFD) is
conversion. PLL’s are suitable for monolithic integration andontrolled bym(t), and the ratio can be expressed\agm(t).
thus can be of small size, of low cost, and power thrifty. Basithe high resolution of the averaged divide rafid+ m(t)
functional blocks of PLL’s for frequency-synthesis applicapermits the use of a higher input frequency and wider loop
tions include a phase detector, loop filter, variable-frequengyndwidth while maintaining channel frequency spacing.
oscillator (VFO), and frequency divider. By varying the divide Fy|ly integrated radio-frequency PLL’s in CMOS technol-
l‘atiO Of the frequency diVider, the PLL can Synthesize a neé\gy have been reported in recent years [7], [8] Since |arge
frequency based upon the reference input while retaining ﬂ?@ltage swing is required for many of the CMOS digital
stability, accuracy, and spectral purity of the original referencgircuits to operate, it can be difficult to isolate the PLL's
Major design considerations are channel frequency spaciggpsitive functional blocks from being polluted by the coupled
frequency switching time, and phase noise. A small frequengyise. On the other hand, the bipolar junction transistor (BJT)
spacing dictates the use of a loop filter with a narrow bangyrent-mode logic has better input sensitivity, requires only a
width, resulting in slow frequency switching time. Since the 4 voltage swing, and generates little noise.
VFOQO's phase noise at frequencies outside the loop bandiwidth]-hiS paper describes the design of a fully integrated, low-
cannot be suppressed by the loop’s feedback mechanism, g,,e B3T PLL forxA fractional-N frequency-synthesis
PLL with a narrow I0_0p bandW|dth_ also requires Its VF(%\ppIications [5]- The architecture of the PLL is shown in
to have low free-running phase noise. In addition, the 10gg, "1 A functional blocks except the digitalA modulator
f||ter.must. exhibit little noise and have good immunity againgtaue peen integrated in a single chip. The PLL contains
outside disturbance. an MMFD that supports multibit modulation [1], [4]. The
frequency tuning of the VFO is accomplished by using a
variable-impedance converter [9], [10], so that low-voltage
Mkanuscript recei\ae% Sehptesﬁb_er 1|7,31998: regsed !Tebrgarycﬂy 1999Ndei§eration as well as monolithic integration become possible.
\évg—rZZ\gf—sE—s(l)Jggp—%g% anzi tb; Te?gggrimucr:?cliﬁm i:rt;((:)lral:grig; ur?gtterf gont?ih_e PLL has a relafuvely que |00p bandwidth .t.O er!able
TL-86-6102. agile frequency hopping. In this case, the phase jitter in the
T_he authprs are with thg Depgrtment of Electronics EngineerinMMFD and the phase and frequency detector (PFD) must be
Fﬁﬂ%‘i,ﬁ?fgdzu{;% University, Hsin-Chu, Taiwan 300 R.0.C. (emallyinimized. Fully differential low-voltage current-mode circuit
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Fig. 2. VFO circuit schematics. reject common-mode noise. The frequency-dependent phase

shift along the VIC signal path can affect the equivalent quality

The bipolar transistors are well suited for low-jitter currentctor of the VFQO's resonator [9]. Whel. > 0, the input
mode operation due to their high transconductance and I@@mittance of the VIC exhibits a negative real part, which
flicker noise. Each circuit block in the PLL is designed wit$an increase the quality factor of the resonator. The capacitive
objectives of high speed and low noise to obtain good phaddting range of the VIC could be widened at the expense of
noise performance. The PFD and the loop filter are designi@igher power consumption [9]. The active devices in the VIC
in such a way that only npn transistors and resistors are udg#oduce additional noise sources, thus degrading the free-
to achieve high resolution in phase comparison. In additiofinning phase noise of the VFO. However, the phase noise
the pole and the zero of the loop filter are generated separaff@r the carrier frequency can be suppressed by the PLL if the
so that the integration capacitor can be reduced. loop gain and bandwidth are enough.

This paper is organized as follows. Section Il is a brief Transistors Q7—-Q8 and resistor R1 are configured as a neg-
overview of the VFO circuit architecture and its operatioftive impedance converter, providing the negative resistance
principles. Section Il discusses a fully differential low-voltag&€cessary to sustain oscillation. They also function as the
current-mode logic whose circuit configuration is used i¥oltage level shifter for the VIC. The oscillating amplitude
MMFD’s, PFD’s, and loop filters. Section IV describes th€f Vit is eventually clamped by the collector junctions of
architecture and detailed schematic of the MMFD. Section &7 and Q8. The redundant energy generated by the negative
describes the design of the PFD and the loop filter. Expeffdpedance converter is absorbed by the extra energy loss due
mental results are presented in Section VI. Last, conclusid@sforward biasing of the collector junctions.

are given in Section VII. The minimum supply voltage for the VFO ®Bgg(o,) Of
Q5-Q6 plusVeron) Of Q7-Q8 plusVec(on)/2 of Q7-Q8,
Il. V ARIABLE -FREQUENCY OSCILLATOR which is approximately 2 V at room temperature. It has been

N . L experimentally demonstrated that the VFO can still operate
'_Fhe_VF_O_cwcwt schematic IS ;hown in Fig. 2 [9], [m]'even in the low-voltage cases in which the two current sources
This circuit is based on the principle of LC-tuned negativgy ihe VIC, I1 and 12, are temporarily forced into the operation

resistance oscillators. Frequency tuning of the VFO iS afsginng where the output currents are no longer constant.
complished by using a variable-impedance converter (VIC

to simulate the function of a varactor. The VIC varactor
consists of transistors Q1-Q6 and capacitor C1. The Q5-Q6 IIl. L OW-VOLTAGE BJT QURRENT-MODE LOGIC
emitter-coupled pair degenerated by the C1 capacitor produceBoth the PFD and the frequency divider of the PLL are real-
a phase-shifted differential collector current in response to thmed using the low-voltage BJT current-mode logic (LVCML)
Vito Vvariation. This differential current then passes througthown in Fig. 3 [13].
the Q1-Q4 current switch and becomes the capacitive loadingrhe Type-l and Type-II signals have an identical differential
of the differential V,;, nodes. The differential voltag®,. voltage swing of 300 mV and a common-mode voltage differ-
determines the equivalent capacitance of the VIC varactor agrice of one-half of the differential voltage swing. A D-latch
thus controls the oscillation frequency of the VFO. example using the LVCML is shown in Fig. 4. The CK is a
Compared with the pn-junction varactors’ tuning schemdype-I signal, while both D input and Q output are Type-ll
[11], [212], this VIC tuning technique is more suitable forsignals. The input data are latched on the rising edge of the
low-voltage operation, and at the same time can provideCGK signal.
wide tuning range to cover both the process and temperaturd&he LVCML has poor output driving capability because no
variations. Unlike the pn-junction varactors, whose contrefffective output buffer can be used. This drawback causes no
inputs are single ended and susceptible to noise couplimlifficulty in this PLL application, however, since most circuit
the control inputV, of the VIC is fully differential and can blocks have low fanouts.
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vee A more detailed schematic of the divide-by-two/three di-
viders is shown in Fig. 6. Each divider stage consists of a
Type-l : CK divide-by-two A flip-flop, a phase-shift B flip-flop, and a
Type-l : D, Q strobe C flip-flop [14]. TheOut signal is used to strobe C
R1 R2 flip-flops, such that the modulus-control inputy D, D5 are
loaded simultaneously at the end of each divide cycle. For
each divider stage, if the modulus-control indy is low, the
phase-shift B flip-flop is disabled, and the A flip-flop functions
as a straight divide-by-two divider. When the ingdyf is high,
the A flip-flop output retains one extra clock cycle by the B
flip-flop. The extra cycle (swallowing a single clock period)
makes the A flip-flop function as a divide-by-three divider. The
activated output of the B flip-flop is then used to reset the C
flip-flop, such that the A flip-flop perform the divide-by-three
function only once and return to the divide-by-two mode for
VEE VEE other clock cycles. Therefore, the overall divide ratio of the

Fig. 4. An LVCML D-latch circuit schematic. MMFD can be expressed as

N=D; 2"+ D, 224 Dy-2° 2% (1)

R3

1D +

The divide ratioN can be varied from 16 to 30 with a
minimum increment of two.

D4
2
2/3

Vvio — —

V. PFD AND LooP FILTER

: The PFD circuit schematic is shown in Fig. 7. The two
- Comparator  D-type flip-flops and thenD gate form a classical sequential
: : PFD that generate the UP and DN signals. Instead of using the
] : UP and DN signals to drive the following loop filter directly,
Set Reset an xor and a delay are added to generate the UD and MG
R signals. The delay cell in the UD path is used to match the
A delay of thexor gate. The UD signal represents the polarity
T of the phase difference between the two inputs, while the MG
l signal represents the magnitude of the phase difference.
The loop filter consists of a pole generator and a zero
Fig. 5. MMFD block diagram. generator, The schematic of the pole generator is shown in
Fig. 8, which basically is an integrator. To drive this circuit,
IV. MULTIMODULUS FREQUENCY DIVIDER Fhe MG input n_eeds to be a type-l_signa_l, a_nd the UD
. . . input a type-Il signal. When the MG input is high, the
Fig. 5 shows the block diagram of the MMFD, whichy, rent is bypassed ttiec and thel; current is integrated on

consists of an asynchr(?nous counter andlalresynchronizer. The capacitorCy to generate thé’; differential output. The
asynchronous counter is a cascade of a divide-by-two presc Blarity of integration depends on the UD input. When the

followed by three stages of divide-by-two/three dividers. Tgg input is low, thel; current is bypassed tboc and the
reduce power consumption, the currents in circuit blocks thth current is equally divided and enters thg differential
can operate at slower speed are scaled down. The phase jjisies separately. If; = I, then the common-mode voltage
accumulated in the asynchronous counter is eliminated by qlg\evf can remain unchanged regardless of the states of the MG
resynchronizer, which consists of a comparator, a multiplexgad Up inputs. The Q7—Q8 cross-coupled pair degenerated by
and a resettable flip-flop. After resynchronization, the phagg resistor R4 is a negative-impedance converter (NIC) that
jitter in Vy;v is affected by the prescaler and the resettabifanerates a negative resistor to cancel the resistive loading
flip-flop only. effects of R1 and R2. Any mismatch between the negative
The operation of the resynchronizer is explained as followissistor and R} R2 can deviate the pole from= 0.
The set signal is activated when the divider's outgits)» (03 The schematic of the zero generator and a predistorter is
become 111. The multiplexer selects the “1” input, and thghown in Fig. 9. The predistorter is a low-voltage translinear
outputVy;y rises to one at the falling edge ®f,. The output circuit that can be used to linearize the transfer characteristic of
Vaiw Will remain one until the flip-flop is reset from thethe VFO [9]. The differential signdl; from the pole generator
asynchronous reset input. The reset signal is activated whetuses a linear change in the differential collector currents of
21 Q2Q)3 becomes 110. Ondé,;, becomes zero, it will remain the Q9—Q10 pair/ceo—Ic10. Assuming that diodes D1 and D2
zero untilQ, Q2 Qs is 111 again. The PFD takes only the risin@re designed to be always forwarded biased, it can be shown
edge of theV;, for phase comparison. that the VFO’s oscillation frequency is linearly related to this

Q Vdiv

Vps
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Fig. 6. Divide-by-two/three frequency divider block diagram.
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frequency with a linear conversion gain Bf.. The conversion
gain is defined with a unit of hertz/volts. The resistgy,
represents the mismatch between the NIC’s negative resistor

UD+ Q7 Q8 and R1+ R2 in the pole generator. In Fig. 10, the zero
generator is modeled with¥d voltage generated by a charge-
R4 . bump currentl; and a resistor?;;, where I; is the output
current of the current source 17 shown in Fig. 9 did is the
VEE VEE VEE VEE degeneration resistor in the predistorter. The natural frequency

Fig. 8. Pole-generator circuit schematic. of this second-order loopy,,, can then be expressed as

K. 116 17R11

differential current if thé/, output drives the VFO directly [9]. Wn = \/N X5 Cy < - IlRm>' (2)
The zero of the loop filter can be easily generated by attaching
the Q11-Q13 current switch to the predistorter, as shown Tie damping factor of the loog, is
Fig. 9. The current switch is driven by a type-l1 MG signal and 1 1 1 K.I.Ry,
a type-Il UD signal. When MG is high, the differential current (= e X ik + IN X —
from the Q11-Q12 pair is added to tfe output nodes. " Fim

A linear model for the PLL is shown in Fig. 10. In the loopin nominal cases, we haveR;; < I R,,, and1/(C;R,,) €
filter's pole generator, the phase difference at the PFD outpyt; then thew, depends only on the conversion galfi.
6. is converted into a charge-pump currdnf2, wherel; is divided by N and the charge-pump currefit divided by the
the output current of the current source 11 shown in Fig. $itegration capacitance’;. Once the value ofv, is deter-
With the help of the translinear predistorter, the voltage anined, the damping factof can be independently selected
the C integration capacitofi/s, controls the VFO's oscillating by choosing a proper valué;R.;. One advantage of this

3)

Wn
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Fig. 12. Measured VFO output phase noise at 1.6 GHz.

However, the maximum operating frequency of the MMFD
is only 1.8 GHz. From (2) and (3), witlv = 30, I; = 0.8

mA, Cy = 700 pF, I = 0.2 mA, and B;; = 1 kQ, the
PLL has a natural frequency, = w,/2r = 450 kHz and a
damping factor{ = 0.5. When the PLL is phase locked to

a 53.4-MHz external reference, the measured phase noise of
the 1.6-GHz output is shown in Fig. 12. The phase noise is
—90.3 dBc/Hz at 10-kHz offset. The in-band phase noise is
relatively flat between 10 and 400 kHz offset. The relatively
high phase noise may be attributed to the noise in the loop
filter and ill-designed input buffer for the PFD inputs.

The PLL frequency switching time has also been measured.
Using a 59.9-MHz reference and alternating the divide ratio
architecture is that it permits the use of smaliey. This is of the frequency divider between 28 and 30, the PLL output
because the charge-pump currdpntcan be reduced without frequency can be switched 120 MHz between 1.677 and 1.797
affecting the damping factor ib,, remains unchanged. SinceGHz. The measured 10-90% rise/fall time is 4§, and the
the mismatch resistoR,,, moves the loop filter's pole from settling time within 100 Hz of final frequency is 156.
dc to1l/R,,Cy, resulting in a finite dc loop gain and reducing
the effectiveness of phase-noise suppression near the carrier VII. CONCLUSIONS
frequency, it is desirable to have a large valuefpfC'y.

Fig. 11. Chip micrograph of the PLL.

This paper describes the design of a fully integrated, low-
voltage BJT phase-locked loop faiA fractional-N frequency-
synthesis applications. To achieve fast frequency switching

An experimental PLL chip has been fabricated using a 0.8me, the PLL has a relatively wide bandwidth. Therefore, the
pm, 12-GHz fr BiCMOS technology. The chip micrographjitter in the frequency divider and phase-frequency detector
of the PLL is shown in Fig. 11. The chip size is 4360 must be minimized.

4000,:m?. The L1 and L2 inductors in the VFO are realized To support monolithic integration, the frequency tuning
using bonding wires so that they can be varied to operateddtthe VFO is accomplished by using a variable-impedance
different frequency ranges. For the following measurementgnverter circuit to emulate the varactor function. The new
the inductances for both L1 and L2 are approximately 5 n6WFO can achieve a wide frequency tuning range under a
The integration capacito€; in the charge pump is imple- supply voltage below 2 V and is immune to common-mode
mented using the poly-to-poly capacitor. It has a capacitaneeise due to its fully differential frequency-control input.

of 700 pF. The chip is attached directly to a testing circuit The circuit configuration of the low-voltage current-mode
board without using any package. Operating from a single Bgic has been applied to a frequency divider and phase-
V supply, the total power consumption is 225 mW, of whiclfrequency detector, as well as to a loop filter. To support
30 mW is used by the VFO, 40 mW by the output buffer fomultibit digital control input, the multimodulus frequency
driving a 5042 load, and 100 mW by the MMFD. The PLL divider uses an architecture that swallows a clock only once
can deliver 0-dBm output power to a SDdifferential load. in each divide cycle and reload the inputs only at the end of

The VFO's frequency tuning range is measured from 1.55 &ach divide cycle. The use of the resynchronization technique
2.02 GHz [9]. It has a conversion gain &f. = 390 MHz/V. allowed the MMFD to have a jitter performance comparable

VI. EXPERIMENTAL RESULTS
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to that of a synchronous counter, while its power consumpti@ri] L. Dauphinee, M. Copeland, and P. Schvan, “A balanced 1.5 GHz
was similar to that of an asynchronous counter. voltage-controlled oscillator with an integrated LC resonator,” in
. . . IEEE Int. Solid-State Circuits Conf. Dig. Tech. Papefeb. 1997,
The PFD and the loop filter are also implemented in current- ;" 390 391
mode circuit configuration, and use only npn transistors afk] B. Jansen, K. Negus, and D. Lee, “Silicon bipolar VCO family for 1.1

resistors. Therefore, excellent resolution in phase comparison © 2.2 GHz with fully-integrated tank and tuning circuits,” lBEE Int.
’ P P Solid-State Circuits Conf. Dig. Tech. PapeFgb. 1997, pp. 392-393.

can be achieved. Without using the complementary devicess] B. Razavi, Y. Ota, and R. G. Swartz, “Design techniques for low-voltage

the PLL’s dc loop gain can be enhanced with a negative- high-speed digital bipolar circuits|EEE J. Solid-State Circuitsjol. 29,

i ; _ pp. 332-339, Mar. 1994.

|mp¢dance converter_. By separatlng the p0|e and zero g?ﬂl] N.-H. Sheng, R. L. Pierson, K.-C. Wang, R. B. Nubling, P. M. Asbeck,
eration in the loop filter design, the natural frequency and = m.-c. F. Chang, W. L. Edwards, and D. E. Phillips, “A high-speed
damping factor of the PLL can be optimized separately, multimodulus HBT prescaler for frequency synthesizer applications,”

resulting in a smaller integration capacitor for pole generation, 'EEE J- Solid-State Circuitsjol. 26, pp. 1362-1367, Oct. 1991.
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