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Abstract—Balanced and differential voltage controlled oscilla-
tors (VCOs) are investigated with analytic noise models. Fully in-
tegrated VCOs in K u-band are implemented on an InGaP-GaAs
heterojunction bipolar transistor technology. The balanced VCO
has higher output power and lower phase-noise performance, while
drawing lower current than the differential VCO. This coincides
with the analytical expectation. The shot noise of collector current
contributes less to the phase noise in the balanced VCO (B-VCO)
than in the differential VCO. The B-VCO shows 2-3 dB lower
phase-noise performances of 90.5, —113.8 dBc/Hz at the offset fre-
quencies 100 kHz, and 1-MHz offset at 13.5 GHz than the differ-
ential VCO, and figures of merit of 180.7 and —177.6 dBc/Hz are
achieved, respectively.

Index Terms—Differential and  balanced topology,
heterojunction bipolar transistor (HBT), inductor, InGaP-GaAs,
monolithic microwave integrated circuit (MMIC), phase noise,
voltage-controlled oscillator (VCO).

1. INTRODUCTION

VOLTAGE-CONTROLLED oscillator (VCO) is one of

the most important building blocks in communication
transceivers. Many research efforts have been devoted to fully
integrated VCOs in 0.8-2.5 GHz for mobile communication
systems such as personal communications systems (PCSs),
global systems for mobile communications (GSMs), IMT2000,
and 5-6 GHz for wireless local area networks (LANs) (UNII
band) and high-performance LAN (HYPERLAN). Recently,
VCOs that cover over 10-GHz hold a key post in areas of
satellite communications, local multipoint distribution services
(LMDSs), wide-band LANs, and clock data recovery (CDR)
circuits [1]-[3].

The design considerations of a VCO include phase noise,
tuning range, output power, and chip size. The phase-noise issue
of a VCO is becoming more important above the Ku-band due
to poor quality factors of integrated LC tanks. Despite numerous
efforts to increase the quality factor of LC tanks, not much at-
tention has been paid to negative g,, cells, which are under-
rated. The negative g, cell can be implemented by two dif-
ferent structures mostly in the Ku-band. One is a differential
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voltage-controlled oscillator (D-VCO) and the other is a bal-
anced voltage-controlled oscillator (B-VCO). The D-VCO is a
conventional cross-coupled differential configuration that has
been widely adapted in low gigahertz regimes due to its sim-
plicity and differential operation. The D-VCO is immune to
the common mode noise generated from active devices, supply,
and substrate. On the other hand, the B-VCO is derived from
a Colpitts configuration [4]-[7], which has been used in mil-
limeter-wave regimes. In order to take the advantage of common
noise rejection, two Colpitts VCOs are balanced to operate with
an opposite polarity in the B-VCO [7]-[10]. This can employ
the merits of a Colpitts VCO such as high output voltage swing
and high-energy efficiency, as well as low common-mode noise.

The two different topologies have been compared [11]-[17].
They offer a little insight into the phase noise of the VCOs. This
paper presents the more theoretical analysis, as well as measured
results of the negative g,,, cell in the two topologies. The anal-
ysis with noise models is given in Section II and experiment
results are addressed in Section III.

II. VCO TorPoLOGY COMPARISON
A. Tank Voltage

The tank voltage of a VCO has a great effect on the phase
noise of a VCO as inferred from the phase noise model proposed

by Lesson [18] as follows:
. 2
(o)} o

where k is the Boltzmann’s constant, 7 is the absolute tempera-
ture, Ry, is the LC-tank resistance at the oscillation frequency
(fo), Af is the offset frequency, Vj is the voltage amplitude in
the LC tank, @ is the quality factor of the tank, and F' is the
empirical fitting parameter. The phase noise is inversely pro-
portional to the tank amplitude. The amplitude can be increased
by an increase of bias current, while active device noise is in-
creased. It is important to make a VCO operate with high tank
voltage while minimizing the bias current. The relation between
the tank voltage and bias current depends on how to make a neg-
ative-conductance cell.

Fig. 1 shows the schematics of the studied D-VCO and
B-VCO. All the components used in the two VCOs are
identical, except the capacitive feedback methods and tail
currents /7. In the D-VCO, the capacitive feedback from the
collector to the base of switching transistors, i.e., 1 and Qs,
is used to form positive feedback through Cf; and Cyg. The
feedback capacitor Cy; takes a role of dc blocking for the
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Fig. 1. Schematics of compared topologies of a: (a) D-VCO and (b) B-VCO.
base bias feeding. When the operation frequency is low, the
current waveform appears in a rectangular form so that the
tank voltage in each collector is (2/7) - I7 - Riank, where Ir
is the tail current and R, is the resistance of the LC tank at
the oscillation frequency. However, as the operation frequency
increases, the current waveform becomes sine-wave like.
Hence, in the Ku-band, the tank amplitude can be written as

1

3 Rranklr. 2

In the B-VCO, the self-capacitive feedback from collector
to emitter is used to form a positive feedback due to the same
polarity at the collector and emitter voltages. The tank amplitude
is determined by the feedback capacitor ratio [19]

VTank =

Vrank = RrankI7(1 —n) 3)

where 7 is the capacitance ratio Cy1/(Cy1 + Cjy2). Actually,
C'f2 includes the base—emitter parasitic capacitance. The ratio is
nominally approximately 1/4. Considering (2) and (3), the tank
voltage of the B-VCO can be larger at the same tail current Ir.

To oscillate a VCO, the magnitude of the negative resistance
has to be equal or larger than that of the LC tank. To decrease the
noise of the transistor or increase the tank amplitude, the g,,, cell
should have the large negative resistance at a small tail current.
To compare the magnitude of negative conductances of the two
topologies at the same tail currents, the negative conductance
cells are simulated in Agilent ADS, as shown in Fig. 2. The g,
cells are composed of the identical transistors, capacitors, and
resistors. The tail currents of the g,, cells are fixed equally under
3-V supply voltage.
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Fig. 3. Simulated negative conductances of the D-VCO () and B-VCO (H).

The negative conductance in the balanced topology is much
smaller than that in the differential one at low frequency. The
differential one is suitable in low frequency. However, the con-
ductance in the balanced topology is larger than that in the dif-
ferential one above 11 GHz, as shown in Fig. 3. The conductance
in the balanced topology is 30% higher than that in the differ-
ential topology at the optimum point. Thus, the balanced VCO
can oscillate in a lower tail current at the high frequency. The
balanced VCO has the larger amplitude in the same tail current
than the differential VCO. These coincide with (2) and (3).

B. Noise Analysis

Phase-noise simulations include a nonlinear large-signal
model and harmonic-balanced simulation [19]. Although these
are available to predict the accurate phase noise, these are too
complex to understand the VCO operations and phase noises.
The linear phase-noise model is a simple approach that gives
good insight into phase noises [17]. The phase-noise perfor-
mances of two types of VCOs are compared to understand the
effects of circuit topologies with a linear model.

In a bipolar junction transistor (BJT) including a heterojunc-
tion bipolar transistor (HBT), the physical model has three main
noise sources. The first is the base resistance noise (v?2, ), which
is thermal noise. The second is the shot noise from collector

current (i2,). The last is shot noise from the base current and
flicker noise (i2,) as follows:

v2, =4kT -1, - Af

E =2q-1.-Af

iy =20 1o Af + Ky 2 Af @
where I is the base current, I.. is the collector current, 77, is the
base resistance, K1 is the flicker noise factor, and « is the flicker
noise exponent. All the noises can be thought to be independent
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Fig. 4. Equivalent circuits with noise models. (a) D-VCO. (b) B-VCO.

of each other because they arise from spatially separated and
independent physical mechanisms [20].

Fig. 4 represents linear models of two different topologies.
The transistor model includes the aforementioned noise source.
The LC tank noise ¢, is also included. For simplicity, the
collector—base capacitances C,,, base resistances 7, and noise
from a current source are neglected.

Since these small-signal analyses contain all possible noise
sources, the noise in the two types of VCOs can be compared
in the linear regime [21]. If the transistors, ()1 and ()2 in the
differential pair in Fig. 1 are identical, then the differential tank
amplitude vg is described by the superposition of all the noise
sources

Vo = Vop — Vom = O1 - Incl,2 + A2 * inp1,2

+a3 - Upp12 + ag cinr  (5)

where a1, a2, a3, and a4 indicate the noise contributions co-
efficients. Since each noise sources are uncorrelated, the total
power spectral density is calculated by summing up all the noise
powers as follows:

_ 1 _ _
v%za-(la?i%c—l—?a%-iib

+2-a§~v_gb+2-a§-%). (6)
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The factor of “2” in each term inside the parentheses accounts
for the differential nature of the circuit. The factor of “1/2” out-
side the parentheses is due to the noise transfer.

The tank amplitude of the differential topology is derived
from the linear model, as shown in Fig. 4(a), and as follows:

Vod = Vop —Vom

1
ESLT Qm‘i'scfl
=T N incl.2 - " lpb1 2
Da(s) ’ sCy ’
Cx .
+ C_ (gm+80f1)_gm 'vnb1,2+2'ZnT
@)
where
Cri9m 1
Dy (5) =1- < Zféi — R_T> sLy + LTCcff82
Cfl(CfQ + Cﬂ-)
Cog =C' A2 T m)
£ T+ 2,
Co=Cp+Cs+C_. )

At frequencies close to the oscillation frequency
wo = 1/\/LrCe, the denominator in (7) is close to
zero. Since the second term in Dy(s) approaches zero at steady
oscillation state, g, is represented by

20, 1
Cri Rp’

gm 9
Even if g,,, > 1 at the open loop, g,, < 1 at the steady state
because C¢1/Cr = n ~ 1/4 and R, > 1.
In the same manner, the tank amplitude of the balanced
topology is derived from the linear model as shown in Fig. 4(b),
and as follows:

Vob = Vop —Vom

1
_ 5sLT $(Cp2+Cr) y _ gm+sCr1 ¥
Dy(s) | sCotg, "N gm+sC, "
Cm— ngC'Q—SZC'flCV7T .
i Uy, 2.,
+ c. < I +5C7s Unb1,2 +2-tnT
(10)
where
L C
Dy(S) =1+ 2T v L (Op + 212
Rt 2
2LrC+y sC m
_ 8"LpCasCr1 +9g )

2 sCy+gm’

At the steady state, g,, < 1 is satisfied due to (9). Under this
condition, (10) is simplified as

Vob = Vop —Vom

38Ly | Cpa+Cr gm~+sCr1 |
= " lnel 2 — b1 ,2
Db(s) Ca SCC,
Cr sCCr .
+5 <gm—(§7;> Unp1,o+2 - ZnT]
o 2

(12)
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and the denominator Dy (s) become the same as D,(s) as fol-
lows:

Dy(s)=1— (C;”Tg;" - RLT) sLy + LpCugs?. (13)

When the oscillation frequency and bias current are identical
in both the D-VCO and B-VCO, noise contributions from all
the noise sources can be compared for both VCOs noting (7)
and (12). The ratio of the noise power from the collector current
noise is given by

2 o o2
aj of vy, _ (

Cr\
“ob 1— M) =(1—n)?
a3 of v,

wo Cg
from
2, = 2qI.. (14)
This is simplified into a function of feedback capacitance
ratio n. The tank current in the B-VCO supply charges to C';.
Since the charge in C/; is increased as n is increased, the con-
tribution of a collector current noise is also decreased and the
phase noise in the B-VCO can be lowered as compared to the
D-VCO. However, the value of n is limited by n. - Vprank < VBE.
The noise powers attributed to the tank noise, and the base
current and voltage noises are compared in (15)—(17) as follows:

a3 ofv_gb B (gm—l—sCfl)Z 1

a2 of v2, gm +5Cp1
from
- I
2, =2qIp + KITB (15)

a3 ofv_gb _ < gmCpa — sCp1Cr )2 ~1
gm(Cp1 + Cp2) — sCp1 Cr

ad of v2,
from
vZ, = 4kTry, (16)
al of vZ, (g)2 _
a2 of v2, 2
from
—  4kT

The noise contribution ratios from other noises are calculated
in (15)—(17). It is found that there is no topological advantage
in the comparisons for base current noise, flicker noise, base
voltage noise, and tank noise. It also has to be noted that most
of the noise power is attributed to collector current noise. The
B-VCO is more immune to active device noises.

III. EXPERIMENTAL RESULTS

A D-VCO and B-VCO are designed and implemented and
fabricated on an InGaP-GaAs HBT technology, which offers
the n-p-n HBTs with an fr of 10 GHz and an fy,,x of 45 GHz.
The turn-on voltage of the HBT is 1.3 V. The current density
of the HBT is 0.2 mA /um?. 60-um? emitter size transistors are
used. The technology provides a nitride metal-insulator—metal
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(b)

Fig.5. Microphotographs of the: (a) D-VCO and (b) B-VCO. The dimensions
are 0.7 x 0.82 mm? in each VCO.

(MIM) capacitor, a TaN register, and two metal layers, of which
thickness are 1 and 1.3 pm. Microstrip lines as inductors are im-
plemented connecting two metal layers. Junction capacitances
between the collector and base in transistors are used for fre-
quency tuning. The layout was made as symmetric as possible
to ensure truly differential operation. Photographs of the fabri-
cated VCOs are shown in Fig. 5.

The VCOs was tested on on-wafer. The output spectrums
and phase-noise performance were obtained by an HP8764E
spectrum analyzer and the phase-noise measurement kit. The
cable loss including a probe tip in measurement setup is ap-
proximately 2 dB at 13 GHz. The oscillation frequency of the
B-VCO is higher than that of the D-VCO because the capaci-
tance in the collector—base junction of the negative conductance
cell lowers the tank resonance frequency in the D-VCO. The os-
cillation frequencies are 12.3 and 13.5 GHz, respectively. The
B-VCO provides high output power of 0 dBm per side with the
core current of 12 mA and the buffer current of 12 mA. While
the D-VCO shows the lower power of approximately —1.5 dBm
with a 16-mA core current and 12-mA buffer current. The core
current is controlled by the external bias and is optimized for
low phase-noise performance. The tank voltage inferred from
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Fig. 6. Phase-noise and output spectrums of the D-VCO at the lowest tuning
voltage.
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Fig. 7. Phase-noise and output spectrums of the B-VCO at the lowest tuning
voltage.

the output power is higher in the B-VCO, although the D-VCO
core circuits consume more current than that of the B-VCOs. It
reveals that, in the Ku-band, the balanced topology can gives
larger negative conductance than the conventional differential
topology.

The single-sideband carrier-to-phase-noise ratio (SSCR)
of the D-VCO at the lowest tuning voltage are —88 and
—111.8 dBc/Hz at 100 kHz and 1 MHz off carrier, as shown
in Fig. 6. The SCCRs of the B-VCO at the lowest of tuning
voltages show 2-3 dB better and are 90.5 and —113.8 dBc at
100 kHz and 1 MHz off carrier, as shown in Fig. 7.

The tuning ranges are 600 and 800 MHz for the D-VCO and
B-VCO, respectively, as shown in Fig. 8. Output power varia-
tions are less than 1 dB with the varactor control bias from 0
to 2.5 V for both VCOs. Even though the core current of the
B-VCO is small, output power of the B-VCO is approximately
1.5 dB larger than that of D-VCO. This coincides with the the-
oretical analysis in Section II. The tuning range of the B-VCO
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Fig. 8. Measured oscillation frequencies and single-sideband output powers
of the D-VCO (o) and B-VCO (M) as a function of the varactor control bias.

TABLE 1

SUMMARY OF PERFORMANCES FOR THE BALANCED

AND DIFFERENTIAL VCOs

vCO

Balanced

Differential

Frequency (GHz)
Bias (V)

Output power (dBm)

12.71-13.54
3V

~ 0 (single out)

11.71-12.28
3V

~ —1.5(single out)

Leore & Ibutrer (MA) 12, 12 each 16,12 cach
Piiss in core (mW) 36 48
Phase noise @100 kHz -90.5 dBc/Hz -88 dBc/Hz

Phase noise @1 MHz

-113.8 dBc/Hz

-111.8 dBc/Hz

Tuning range (MIz) 800 600
F.O.M (dB) -180.7 -176.6
Size of chip (mm?) 0.7 X 0.82 0.7 X 0.82

is larger than that of the D-VCO even though all components
in both VCOs are identical. This is because the bias current in
the B-VCO is low and the parasitics of the B-VCOs transistors is
smaller than that of D-VCO. Due to small parasitics, the oscilla-
tion frequency of the B-VCO is also higher than that of D-VCO.
The VCO performances are summarized in Table 1.

IV. DISCUSSION

The main difference of the D-VCO and B-VCO is the capac-
itive-feedback mechanism, as shown in Fig. 1. Even though the
feedback factors and all components are the same, the phase
noises, as well as the negative conductance of two VCOs, are
different.

In Section II, two merits of the B-VCO are compared with
the D-VCO.

One is the high tank voltage, which comes from high negative
conductance in the negative g,,, cell. The tank amplitudes are
expressed in (2) and (3). In our VCO designs, n is set to be
1/4. By comparing two equations at the same tank voltage, the
D-VCO requires approximately a 30% higher tail current than
the B-VCO with the same bias current. This coincides with the
simulation results in Fig. 3.

The other is low noise contribution in the resonator. It needs a
larger current until the tank voltage swing reaches a voltage-lim-
ited regime compared to the B-VCO since higher tail current
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Fig. 10. FOM comparison with ever-reported VCOs. The balanced and
differential VCOs exploiting a microstrip-line inductor show —181 and
—176 dBc/Hz.

is accompanied by high noise current, which is up-converted
near the carrier frequency. Even though transistor noises are
identical, the shot noise of the collector current is reduced by
the feedback ratio n in the B-VCO. Thereby, the D-VCO has
the higher phase noise. For comparison, the phase-noise perfor-
mances of other VCOs realized on the different technologies are
plotted in Fig. 9.

Aparicio and Hajimiri [8] compare the effective impulse sen-
sitivity functions (ISFs) of the D-VCO and B-VCO using cyclo-
stationary noise properties. They address that the effective ISF
of the conventional D-VCO is more nonsymmetrical than that
of the B-VCO, therefore, the B-VCO has better phase noise per-
formance than the D-VCO.

To decrease the phase noise, the higher tank amplitude
and lower noise contributions from transistors are needed.
The linear noise model in Section II cannot explain the cy-
clostationary noise, but it can give good insight into the tank
amplitude and noise contributions. It is expected in Section II
that the phase-noise performance of the B-VCO is superior to
that of the D-VCO. This coincides with the experiment results
in Section III.
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It is not easy to compare the performance of different VCOs.
The oscillator design entails consideration of phase noise,
power consumption, oscillation frequency, tuning range, etc.
The widely used definition of the normalized figure-of-merit
(FOM) is [22] as follows:

fose \* 1
FOM =
< fm ) Amcas(fm) ‘ Pdiss

where f,s. is an oscillation frequency, f,, is an offset frequency,
A neas 18 the measured phase noise, and Py;ss is the power con-
sumption in a VCO core. Although it does not include any infor-
mation about the tuning range and output power, it gives good
comparative insights into the VCO performances.

The FOM of the B-VCO and D-VCO is 181 and 177 dB,
respectively. The FOM of the B-VCO is 4 dB higher than that
of the D-VCO when all components of two VCOs are identical.
It is better or comparable to the state-of-art VCOs implemented
on CMOS or SiGe HBT technologies, as shown Fig. 10.

(18)

V. CONCLUSION

Noise performances of the balanced and differential VCOs
have been studied using analytical noise models. This shows
that the B-VCO gives higher tank voltage at the same tail current
and has higher immunity to the noise sources of active devices.
It has also been determined that the collector-current—-noise con-
tribution on the output signal can be diminished by increasing
the voltage feedback ratio in the B-VCO.

Two types of Kwu-band VCOs are realized on the
InGaP-GaAs HBT technology. The B-VCO has shown
lower phase-noise performance than the differential VCO,
as expected in the noise analysis. The B-VCO and D-VCO
achieve the phase noise of —113.8 and —111.8 dBc at the offset
frequencies of 1 MHz from the oscillation frequency of 13.5
and 12.55 GHz, respectively. This coincides with the theoretical
analysis that the phase-noise performance of the B-VCO is
superior to that of the D-VCO at the same tail current.
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