1406 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 33, NO. 9, SEPTEMBER 1998

A 2-V 2-GHz BJT Variable Frequency Oscillator

Wei-Zen Chen and Jieh-Tsorng WMember, IEEE

Abstract— A new LC-tuned negative-resistance variable- * * ¢ v » +
frequency oscillator (VFO) is described. Frequency tuning is
accomplished by using a variable-impedance converter (VIC) to
simulate the varactor function. A negative-impedance converter Rp L cp —-R Cy Vv
provides the necessary negative resistance for oscillation and also
functions as the voltage level shifters for the VIC. A low-voltage —[
translinear circuit is used to linearize the tuning characteristic ¢ hd o d ¢ =
of the VFO. Implemented in a 0.8 um 12 GHz f; BICMOS N— — —
technology, the VFO has a tuning range from 1.55 to 2.02 GHz, Resonator Negative Varactor
while consuming 15 mA from a—2 V supply. Impedance

Index Terms—Negative impedance converter, variable fre- Converter

guency oscillator, variable impedance converter, voltage-con-

. Fig. 1. LC-tuned negative-resistance VFO conceptual schematic.
trolled oscillator.

lithic integration, the varactors are often implemented with the
. INTRODUCTION nominal pn-junctions provided by the IC technologies. The
ARIABLE-frequency oscillators (VFO's) phase lockedVFO’s frequency tuning range is severely limited using this
to a low-frequency clean reference are commonly uséghing scheme, especially at low supply voltage [6]. Although
as local oscillators in the radio-frequency wireless transceiveitsis also possible to achieve frequency tuning by mixing
The VFO's are required to 1) exhibit low internal phaséwo resonators with different resonant frequencies [11], while
noise for easy optimization for the phase-locked loops; ayoiding the use of varactor. The VFO frequency can be
consume little power for battery-powered applications; and 8hanged by varying the weighting of the two resonators in
be suitable for monolithic integration for small size. the signal path. There is a tradeoff, however, between the
Monolithic VFO's based on the LC-tuned negativeresonator's quality factor and the VFO's frequency tuning
resistance oscillator principle have shown potentials to meange.
the above requirements [1]-[6]. The VFO’s can be depicted This paper describes a 2-V LC-tuned VFO that employs
with a conceptual schematic shown in Fig. 1, which includes variable-impedance converter (VIC) to simulate a varac-
a resonator, a negative-impedance converter (NIC), andoa, while achieving a wide frequency tuning range under
varactor. The resonator is used to reduce the side-band naislew supply voltage [12]. This VIC circuit is described in
of the oscillating signal and can be implemented using ofsection Il. Its high-frequency characteristic is also analyzed
chip spiral inductors [7], [8] or bonding wires [3], [9]. Theand discussed. The new VFO and the auxiliary circuits are
NIC provides the necessary negative resistance to susta@scribed in detail in Section Ill. Several design considerations
oscillation. The magnitude of the NIC's conductantgR are also discussed. A prototype VFO chip has been fabricated
must be larger than the parallel resistive loadlrdz,. When using a 0.§:m 12 GHzfr BiCMOS technology. Measurement
oscillating, the signal swing is eventually determined bsesults are presented in Section IV. The VFO achieves a wide
the circuit nonlinear phenomenon that introduces additiortaining range of about 500 MHz extending from 1.5 GHz-2
energy loss to balance the energy generated by the NIC [1GHz. And finally, conclusions are given in Section V.
The oscillation frequency of the VFO can be expressed as

. N Il. VARIABLE IMPEDANCE CONVERTER
fo= o 1/ m (1) The operation principle of the variable-impedance converter
r v (VIC) can be described using the circuit shown in Fig. 2.
The frequencyf, can be varied by changing the capacitancEransistors Q7 and Q8 are two voltage-level shifters. The
of the varactorC,. Q5-Q6 emitter-coupled pair degenerated by a fixed passive

The frequency tuning range of a VFO must be sufficient§lementy produces a differential curreit in response to the
large to cover process and temperature variations. For moH#ut voltage variation, i.e .y — I ~ Y1 - (V4 — V). The
Manuscript received December 30, 1997; revised May 4, 1998. This wo%l_Q2 and Q3-Q4 pairs are two current splltters, dIVIdIng
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Fig. 3. Simulated VIC admittance imaginary-part frequency behavior.

Fig. 2. VIC circuit schematic.

10 T vy
. a=1 _.»"‘—
asYyvic = (Iy —1_)/(V4 = V_) = a- Y1, which emulates ~ } "7
a variable-admittance element. If the passive elendgrisa (-7 - a=0
capacitor, then the VIC functions as a varactor. S ol amezmztee— |
A more detailed analysis of the circuit of Fig. 2 can be made £ Tt
by considering the high-frequency behaviors of the devices. E T~ ~@=—
It can be shown that the Q5-Q6-C1 emitter-coupled pair is = S
the most crucial part of the circuit that dominates the VIC's %’- ‘\\
frequency behavior at the frequencies of interest. Neglecting &= =10 N 7
the nonideal effects caused by Q7 and Q8, the differential \\ ]
current. can be approximated by -
L(s) = V(s) 2 . .
% 801 (2) 0 F1 GH2 3
l4s <2C1 + Cﬁ) e <2C17 bsCﬁ) requency (GHz)
9ms 9ms Fig. 4. Simulated VIC admittance real-part frequency behavior.

whererys, gms, and Cr5 are the small-signal base resistance,

transconductance, and base-emitter capacitance of Q5 gadincluded in calculating”;. From Fig. 3, it is clear that,
Q6, respectively. At frequencies much less than the transitigp jow frequencies, thém[Y] behaves as a capacitor, whose
frequency(fr) of Q1-Q4, the phase shift betweénand .  value can be varied withe. When a = 0, the parasitic
can also be neglected. And the equivalent admittance of ‘é’@pacitancecpv with a value of approximately 0.7 pF is

VIC can be expressed as exposed. The capacitane®,, is mainly contributed by the
. JwCy collector-to-substrate junctions of Q1-Q4, and the collector-to-
Yvic(jw) =a x L (2C175Cs /20, 1 Cos base junc_tions of.Ql—Q4_and Q7-Q8. However, as frequency
1-w o + Jw — approaching a critical pointy., where
+ ijp,,,. = RG[Y] + J IIH[Y] (3) _ _ Ims
we =2 fe = 20O (4)

where(,,, is the parasitic capacitance associated Wwithand
V_ nodes. Through the control af the imaginary part of the the w? term in (3) can no longer be neglected. Its effect is
Yvie(jw), Im[Y'], can be varied, resulting in the change of théhe reduction of the equivalent capacitor that is variable. At
VFO’s oscillation frequency. The appearanceRH[Y], real w = w,, the variable capacitor vanishes, ahd[Y] = wC,,,.
part of theYy1c(jw), is mainly due to the phase shift in theFor w > w,, the value of the variable capacitor changes sign,
VIC’s signal path. causing nonmonotonic characteristic in the VFO’s transfer
Figs. 3 and 4 show the SPICE-simulated frequency bimction. In the above case, thg is 2.98 GHz using (4).
haviors of a VIC using transistors from a 0,8m BiC- The f. is further degraded to 2.4 GHz due to the additional
MOS technology. Small-signal device parameters asg: = phase shifts in Q1-Q4 and Q7-Q8. The asymmdiiifY ]
170 mU,r; = 100 Q,Cr5 = 2.2 pF, andC; = 1.1 pF. response between the= 1 anda = —1 cases in Fig. 3 are
The parasitic capacitors at the emitters of Q5 and Q6 mumshinly caused by the base resistors of Q1-Q4.
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Fig. 5. Simulated VIC quality factor frequency behavior. Fig. 6. VFO circuit schematic.

The frequency behavior of th&e[Y] shown in Fig. 4  The Q7-Q8 cross-coupled pair and the resistor R1 are con-
can be viewed as a resistor in parallel with the[Y’]. The figured as a negative-impedance converter (NIC). Transistors
conductance of the resistor depends on the frequency as Wl and Q8 also function as the voltage level shifters for
as the value ot.. For a = 0, the VIC is essentially disabledthe VIC of Fig. 2. The negative resistance looking into the
andRe[Y] = 0. Fore¢ > 0 andw < w,, the conductance is collectors of Q7 and Q8 can be approximated by
positive and its value increases with frequency. The positive C..- 9
conductance can degrade the quality factor of the entire VFO Yoo = ZNic & —R1< ul ) —
of Fig. 1, or even prevent the VFO from oscillating. ok 0 NIC
andw < w,, the conductance is negative and its absolute valudere g, and Cr; are the small-signal transconductance
also increases with frequency. The negative conductance el base-emitter capacitance of Q7 and Q8 respectively. To
improve the quality factor of the entire VFO. guarantee oscillation, the real part efYxic must be larger

Fig. 5 shows the frequency behavior of the VIC's qualityhan the parallel combination of the energy loss in L1 and L2,
factor (Q), which is defined ag) = Im[Y]/Re[Y]. In the representing by?, of Fig. 1, in addition taRe[Y] of the VIC.
case ofa = 0, the VIC is equivalent to the parasitic capacitor The VFO oscillating signal voltage swingV" will stop
C,, in parallel with a resistor resulting from the Early effecgrowing when the remaining energy generated by the NIC is
in Q1-Q4. The@ is about 9 at 2 GHz. Fot, > 0, the @ absorbed by the extra energy loss introduced by the large-
is decreased with increasing frequency. At= 1, the @ is signal nonlinear effects. The major nonlinear phenomena in
about three at 1.5 GHz, and meanwhile the VFO operatée VFO occur when Q7 (or Q8) enters the cut-off region,
at the lower end of the frequency tuning range. When tlaad when Q8 (or Q7) enters the saturation region. If the two
VFO'’s oscillation frequency is increased by decreasinthe current sources in the NIC, I3, and 14, are large enough so that
corresponding VIC'S) is also improved. Th&) ranges from AV
three to five for 1.5-1.6 GHz oscillation frequency, from five ; R, ()

Eg fé%h;c:‘:)rlls2168H(2I—;zsgﬁzgllggirr\efrequency, and from e|ghh n Q8 (or Q7) will be saturated before Q7 (or Q8) being cut
quency : oo e
off. In this case AV is limited by the forward biasing of the
collector junctions, i.e. AV 2 Vc(on), WhereVac oy is the
forward-biased voltage of the collector junctions.

The circuit schematic of the new VFO is shown in Fig. 6. The collectors of Q7 and Q8 are connected to an output
The VIC varactor consists of transistors Q1-Q6 and capacitiiffer with 509 driving capability. The output buffer consists
C1. The 11 and I2 current sources must be large enoughdptwo emitter followers followed by a resistor-degenerated
allow sufficient ac current flowing through C1. The requiregmitter-coupled pair.
condition is For the VIC of Fig. 6, the current gaim is an exponential

Ly > AV -wC; 5) function of the .contr.ol voltagéeV... Translingar circuits are
’ often used to linearize the transfer function. Conventional
where AV is the voltage swing of the differential oscillatingtranslinear circuits require additiondls .,y voltage drop,
signal, andw is the oscillation frequency. The VFO's fre-however, making them unsuitable to drive the VFO under
quency tuning range can be widen by increasing C1, butatsupply voltage below a 2 V. The low-voltage translinear
the expense of larger power consumption, since both 11 afidquency control circuit shown in Fig. 7 is used to generate
I2 have to be increased accordingly. The upper end of tttee V. instead. The control input’; causes a linear change
tuning range is also limited by, of (4). in the differential collector currenf.q — /.19 of the Q9-Q10

(6)

9m7 9m7

I1l. V ARIABLE-FREQUENCY OSCILLATOR
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Fig. 9. Measured VFO output spectrum at 2 GHz.
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Fig. 10. Measured VFO output phase noise at 2 GHz.

still operate even in the low-voltage cases in which the two
current sources in the VIC, 11 and 12, are temporarily forced

emitter-coupled pair degenerated by the R2 resistor. Since [hg the operation regions where the output currents are no
D1 and D2 diodes are designed to be always forward-biasgshger constant.

the voltage fluctuation at.., V._, andV, are small, leaving
the currents flowing through the resistors, R3-R5, relatively
unchanged. Therefore, the differential collector current also ] ) ] )
causes a linear change in the differential diode current, i.e,A VFO experimental chip was fabricated using a Q.8
Lo — Iyt = Lo — L1o. If p-channel MOSFET's are available,12 GHz fr double-poly double-metal BICMOS technology.

both R3 and R5 can be replaced with constant current sourcB€ VFO is integrated in a phase-locked-loop frequency

IV. EXPERIMENTAL RESULTS

resulting in a more accurate translinear function.

The V. output of the frequency control circuit drives the

synthesizer chip. The chip micrograph is shown in Fig. 8.
The area occupied by the VFO is 1050 1500 xm?. In

Q1-Q2 and Q3-Q4 current splitters in the VIC directly. Thihis prototype, the inductors L1 and L2 are both implemented

diode current ratid 2/ 1, is mirrored by the VIC's collector
current ratiosl.; /1.0 and I../I.3. The VIC's o factor can
then be expressed as

Ly — 1
o= d2 dl ) (8)
I+ 1
Since 142 + 14 has little variation, the gain facto# thus

becomes a linear function of the control inpt.
The minimum supply voltage for the VFO ®pp(,n) Of

Q5-Q6 plusVip(on) Of Q7-Q8 plusVic(ony/2 of Q7-Q8,

with bonding wires and are approximately 5 nH. The resistor
R1 in the NIC is a 100 polysilicon resistor. The capacitor
C1l in the VIC is a 0.7 pF double-poly capacitor. Besides
C1, parasitic capacitors at the emitters of Q5 and Q6 also
contribute additional capacitance for the voltage-to-current
conversion in the VIC.

The chip is attached directly to a circuit board for testing.
Fig. 9 shows the VFO'’s output spectrum at 2 GHz. The output
power is —6 dBm when driving a 502 differential load.

Fig. 10 shows the measured phase noise of the VFO'’s output

which is approximately 2 V at room temperature. It has beext 2 GHz. The phase noise is86 dBc/Hz at 100 kHz offset.
demonstrated in simulations and experiments that the VFO dda significant variation in phase noise is observed for 2 V
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and 2.2 V supply voltages. Fig. 11 shows the measured VF
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frequency tuning characteristic. The frequency range is from
1.55-2.02 GHz for the 2 V supply and from 1.65-2.02 GHz for

the 2.2 V supply. The VFO and the frequency control circu

[

together consume 15 mA of current, while the output buffer

consumes 40 mA.

V. CONCLUSION

A monolithic LC-tuned negative-resistance VFO has bee¢
described. Frequency tuning is accomplished by using a V
to simulate the varactor function. The maximum operatic
frequency of the VIC is limited tav. of (4). Due to both
the early effect in its transistors and the phase shift in i
signal path, the VIC can affect the quality factor of th

VFO'’s resonating network. The necessary negative resistal.c.

for oscillation is provided by a NIC, which also functions as
the voltage level shifters for the VIC. A low-voltage translinear
frequency control circuit is used to linearize the voltage-to-

frequency transfer function. Implemented in a Pr@ 12 GHz
fr BIiCMOS technology, the VFO can operate from a singl
2-V supply and consumes a total current of 15 mA. It achiew
a maximum oscillation frequency of 2 GHz and a frequenc
tuning range of 30%. The phase noise-i86 dBc/Hz at 100

driver, the VFO can deliver-6 dBm output power to a 50
differential load.

- -
kHz offset for the 2 GHz output. With a companion outpu \
‘ o
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