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Abstract: A wide tuning range voltage controlled oscillator (VCO) with novel architecture is proposed in this work. The entire
circuit consists of a VCO core, a summing circuit, a single-ended to differential (STD) converter and a buffer amplifier. The VCO
core oscillates at half the desired frequency and the second harmonic of the VCO core is extracted by the summing circuit, which
is then converted to a differential pair by the STD. The entire VCO circuit operates from 58.85 to 70.85 GHz with 20% frequency
tuning range. The measured VCO gain is less than 1.6 GHz/V. The measured phase noise at 3 MHz offset is less than 278 dBc/
Hz across the entire tuning range. The differential phase error of the output signals is measured by down converting the VCO
output signals to low gigahertz frequency using an on-chip mixer. The measured differential phase error is less than 88.
The VCO circuit, which is constructed using 0.35 mm SiGe technology, occupies 770 × 550 mm2 die area and consumes
62 mA under 3.5 V supply.

1 Introduction

Owing to the intrinsic characteristics of short wave length and
high attenuation in air, the unlicensed V-band frequencies at
60 GHz are currently being adopted for ultrahigh data rate
and short-range application, for instance for wireless high
definition multimedia interface (HDMI) and wireless
docking station [1]. For example, in the European standard
[1], the operation frequency band is from 57 to 66 GHz
with nearly 9 GHz bandwidth. Such a wide band
requirement is very challenging for front end transceiver
design, because every block in the system should have
enough bandwidth to accommodate the incoming signal. In
the transceiver system, one of the most important and
complex blocks is the phase-locked loop (PLL), which
serves as local oscillator (LO) to the mixing circuit to up/
down convert the modulated carrier signal. In addition to
the requirement for wide operation frequency tuning range,
the PLL should have exhibit low spurious tone response so
as not to deteriorate the signal-to-noise ratio (SNR) in wide
band systems [2, 3]. Obviously, a wideband low gain
voltage controlled oscillator (VCO) is a pre-requisite for the
construction of such a demanding PLL system [2, 3].

Many wideband techniques are available in the literature,
for instance the switched transmission line method in [4]
and the active inductor technique in [5, 6]. However, the
switched transmission line method employs many
transmission lines in the VCO resonating core and
consequently requires large die area. Alternatively, active
inductors have limited self-resonant frequency, which
constrains their application at millimeter wave (MMW)

frequencies. Therefore these two techniques are not
preferable for low-cost millimetre wave applications.

However, a technique utilising the second harmonic of the
VCO core could be attractive for deployment in the millimeter
wave frequency band, because the VCO core needs only to
oscillate at half of the desired frequency so that the trade-
off among phase noise, frequency tuning range and power
dissipation is alleviated.

One example using the second harmonic technique is the
so-called push–push oscillator that extracts the second
harmonic at the drain node of the tail current source in the
VCO core [7–10]. In this kind of oscillator the output
signal is single-ended. However, in many cases differential
signals are required in transceiver systems because of their
high immunity to common mode noise [11]. Thus the
single-ended signal must be necessarily converted to a
differential pair for millimeter wave frequency use.
Although this approach is challenging, it is still worthwhile
to further investigate its potential.

Two different balun circuits that can realise single-ended to
differential (STD) conversion are available: passive and
active. The passive balun is very popular in traditional
monolithic microwave integrated circuit design [12], but its
insertion loss becomes prohibitive as operation frequency
increases [12, 13]. Also, the passive balun is size hungry.
The active balun has lower insertion loss and occupies
smaller die area. Therefore it is more and more popular to
adopt active balun at millimeter wave frequency for the
purposes of signal conversion and measurement.

In this paper the second harmonic signal is utilised in order
to generate the desired frequency band using a summing
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circuit. This approach is fundamentally different from the
technique deployed in a push–push topology. In this paper
a switched varactor array is introduced in order to obtain
low gain wide tuning range performance since this is one of
the most effective techniques to reduce VCO gain [14]. An
active STD converter is also adopted in order to create a
differential pair. The differential phase error at the VCO
outputs is measured by integrating an on-chip down-convert
mixer together with the VCO. The proposed wideband
VCO is described in Section 2. The measurement results
are illustrated in Section 3. Finally conclusions are shown
in Section 4.

2 Design of the 60 GHz wide tuning range
SiGe VCO

The block diagram of the proposed wide tuning range VCO is
shown in Fig. 1a. The entire circuit consists of four blocks:
a VCO core, a summing circuit, a STD converter and a
differential cascode amplifier. The VCO core is designed to
oscillate at v0. The output signals of the VCO core are
summed together using two capacitors C9 and C10. Thus
the even harmonics are extracted and all odd harmonics are
cancelled. As a result the second harmonic emerges at the
output port of the summing circuit. However, this signal is
single-ended. Thus an STD circuit is employed to convert
the single-ended signal to a differential pair since in many
transceiver systems a differential signal is preferred. The
differential cascode amplifier is adopted to further amplify
the desired signal and improve the phase and amplitude
balances of the STD output signals.

There are three varactor banks, Cv1 to Cv3, among which
two are used for coarse frequency tuning and the other, Cv1,
is used for continuous fine tuning. C5 and C6 are used as
direct current (DC) blocking capacitors. R2 and R3 provide
DC feed-through path for the PN junction varactor diodes.
Customised spiral inductors, L1 – 2, are simulated in HFSS
and modelled using a double-p equivalent resistor inductor

and capacitor network (RLC) circuit [15]. The simulated
inductance and quality factor (Q-factor) at 30 GHz are
about 142 pH and 24, respectively. The simulated Q-factor
of the variable capacitor banks, which includes three
varactor group CV1 – 3, two DC blocking capacitors C5 – 6,
and two DC feeding resistors R2 – 3, are each about 6.5 at
30 GHz. Thus, the phase noise performance of the VCO is
primarily determined by the varactor diodes. Transistor Q1–2

and capacitors C1 – 4 form a negative resistance designed to
compensate for the loss in the inductor and capacitor
network (LC) tank. A common emitter (CE) amplifier with
series RL load serves as a buffer stage to alleviate the
capacitive load of the VCO core. The single-ended second
harmonic signal is extracted by a summing circuit,
constructed by C9 and C10, and converted to a differential
pair by a STD converter [16]. The output of the summing
stage is injected into the base of Q6. A partial output signal
of Q6 is fed back to the base of Q7 by using C11 to connect
Q7 base node with Q6 collector node. This approach help
alleviate the unbalanced distribution of the input signal
between Q6 and Q7 because the output impedance of the
tail current source is not sufficiently high [16]. Transistors,
Q8 – 9, are introduced to alleviate the Miller effect so as to
enhance bandwidth. A differential CE amplifier with high
common mode rejection is used to amplify the desired
signal and reduce the phase and amplitude imbalance of the
differential signal [17]. An impedance peaking LC network
is used as a load of the STD circuit. The high impedance of
the LC network is achieved by setting the resonant
frequency of the LC network to about 60 GHz. Therefore
the gain of the STD circuit can be enhanced. The output
50 V impedance matching network included for testing
purpose is constructed by placing a series capacitor inductor
and capacitor network (CLC) at the output path.
Transmission line (T-line) inductors TL9 – 10 in the CLC
network are constructed using the top and second
metallisation layers. In order to provide better impedance
matching, the line-impedance of TL9 – 10 is designed to be
50 V at 60 GHz. For accurate simulation, the parasitic

Fig. 1 Schematic of the proposed wide tuning range VCO

a Block diagram
b Schematic
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capacitance from the I/O pad is also modelled and included in
the circuit simulation. All bias networks in the proposed VCO
are omitted in the schematic shown in Fig. 1b. Resistors are
added to the emitter node of tail current sources to increase
the output impedance to provide better common mode noise
rejection [17]. The transmission line inductors used in the
circuit are those available in the standard process design kit.

In order to check the differential phase imbalance of the
output differential pair of the proposed VCO, an on-chip
single-balanced down-convert mixer is integrated on
the same chip as the wideband VCO. The schematic of the
mixer is shown in Fig. 2. The two output signals from the
VCO shown in Fig. 1 are directly fed into the LO ports of
the mixer. In this circuit, the output 50 V impedance
matching network is removed from the output nodes of the
emitter coupled differential amplifier since high output
voltage swing is required to switch the transistors on/off in
the mixer circuit. Instead, the output impedance matching
network is moved to the output path of the down-convert
mixer.

Assuming the LO signals from the VCO core are Aosc

cos(vosct) and Aosc cos(vosct + p+ Du), respectively. Here,
Aosc and vosc represent the amplitude and frequency of the
LO signal, respectively. Du stands for the differential phase
imbalance between two LO signals. Under the condition of
a small signal injection Arf cos(vrft) at the radio frequency
(RF) port, the products at the intermediate frequency (IF)
output ports of the mixer are

V IF1 = AoscArf

2
[ cos(vosc − vrf )t + cos(vosc + vrf )t] (1)

V IF2 = AoscArf

2
[ cos(vosc + p+ Du− vrf )t

+ cos(vosc + p+ Du+ vrf )t] (2)

where VIF1 is the IF signal at one output port of the mixer and
VIF2 is the IF signal at the other output port. It can be seen
obviously from (1) and (2) that the differential phase
imbalance between two down/up converted IF signals at
mixer output is exactly the same as that between two LO
driving signals. By measuring the phase difference between

the two IF signals we can learn the phase difference of the
VCO outputs.

3 Measurement results

The proposed wideband VCO was fabricated using 0.35 mm
SiGe technology. The transit frequency fT of high-speed NPN
transistor in the process used is about 170 GHz under an
optimal current density 5 mA/mm2. The microphotograph of
the proposed VCO is shown in Fig. 3. The VCO was
measured using an Agilent 11974 V preselected millimeter
mixer and an Agilent E4407B spectrum analyser. The VCO
has four discrete frequency bands which improves the
frequency tuning range and decreases the VCO gain. The
VCO operates from 58.85 to 70.85 GHz as shown in Fig. 4
with about 20% frequency tuning range. The measured
VCO gain for the four frequency bands increases from 0.97
to 1.6 GHz/V. This is because of the decrease of the
varactor size. The output power of the VCO ranges from
240 to 235 dBm, as shown in Fig. 5. The measured
output power is much lower than the simulated signal
power both at VCO core output nodes, which is around
227 dBm, and the entire circuit output nodes, which is
around 216 dBm. Therefore through comparing the
simulated and measured results some reasons for the low
output power can be concluded. The deterioration on the
gain of the STD and output buffer stage may be the most

Fig. 2 Schematic of the single-balanced mixer used to down-
convert VCO output signal to low frequency

Fig. 3 Microphotograph of the wide tuning range VCO

Fig. 4 Measured oscillation frequency of the wide tuning range VCO
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important reason for it. The loss of the second harmonic
signal power at VCO core output nodes might be another
reason causing low output signal power. The measured
phase noise at 3 MHz offset, shown in Fig. 6, ranges from
278 to 289.5 dBc/Hz across the entire tuning range, which
is measured using following equation

PN = PD − P0 − 10log(RBW) (3)

where PD and P0 are the measured powers at the offset and
central frequencies, respectively. RBW is the resolution

bandwidth of the power spectrum analyser and set to 1 MHz
during measuring the chips. This relatively high phase noise
level is mainly because of the limited Q-factor of the p–n
junction varactor bank used in the LC tank and the wide
frequency tuning targeted in this design. The phase noise can
be improved by increasing the output amplitude and the Q-
factor of the varactor bank, or by reducing the frequency
tuning range and VCO gain. The output power spectrum at
69.5 GHz is shown in Fig. 7. The entire circuit occupies
770 × 550 mm2 die area and consumes 62 mA under 3.5 V
dc supply. The VCO core, STD and differential CE amplifier
consume 37, 11 and 14 mA, respectively. Obviously, about
40% of total power is dissipated by the STD and CE
amplifier. The purpose of the high current bias for the VCO
core is to achieve large output voltage swing but keeps the
VCO operating inside the current limited region. The
commonly accepted Figure of Merit considering frequency
tuning range (FoMT) is defined as [4]

FoMT = PN − 20log

f0
Df

· FTR

10

( )
+ 10log

Pdiss

1 mW

( )
(4)

where PN is the phase noise at an offset frequency Df from
centre frequency f0. FTR represents the frequency tuning
range of the oscillator. Pdiss is the total power dissipation of
the VCO in milli-watts. The measured FoMT of the proposed
VCO ranges from 2150 to 2160 across the entire
oscillation frequency band. The measurement results of the
proposed VCO are summarised in Table 1. Some published

Fig. 6 Measured phase noise at 3 MHz offset of the wide tuning
range VCO Fig. 7 Measured output power spectrum at 69.5 GHz

Table 1 Summary of the measurement results of the proposed VCO and other published VCOs

Ref. [18] [19] [20] [21] [22] [23] [24] This work

Tech., mm 0.13 CMOS 0.18 CMOS 0.18 CMOS 0.25 SiGe BiCMOS 0.35 SiGe 0.8 SiGe 0.35 SiGe 0.35 SiGe

Fosc, GHz 62.1 63 69 62.2 80 79 94 60

FTR, % 10 1 5.2 2.0 30 27.8 10.6 20

PN @ 1 MHz, dBc/Hz 295 289 276 286.1 297 283 286.7a 289.5a

Pdiss, mW 3.9 74 27.5 121 240 315.5 185 217

Pout, dBm 215 225 218.5 228 12 23.4 225 235

FOMT 2184.8 2146 2152.6 2146.1 2180.8 2164.8 2155 2160

aPhase noise was measured at 3 MHz offset

Fig. 5 Measured output power of the proposed VCO
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VCOs operating at equivalent frequencies are also listed in the
table for comparison.

The microphotograph of the circuit, including the
wideband VCO and a down-convert mixer, for differential
phase imbalance measurement is shown in Fig. 8. The
frequency of the injecting RF signal of the mixer is tuned
from 55.8 to 68 GHz to obtain a constant IF frequency at
around 3 GHz. The down-converted IF signal was observed
using an Agilent 54855A Infiniium Oscilloscope. The
measured differential phase imbalance is illustrated in
Fig. 9, which shows that the maximum differential phase
error is less than 88. The chip size for the circuit, including
VCO and mixer, is 900 × 550 mm2. The circuit consumes
70 mA under 3.5 V dc supply, of which 8 mA is dissipated
by the single-balanced mixer.

4 Conclusions

A wide tuning range low gain VCO consisting of a VCO core,
a summing circuit, a STD converter and a differential
amplifier, is presented in this paper. The second harmonic
signal of the VCO core is extracted by the summing circuit
in single-ended form. Then a STD converter is employed to
obtain a differential pair. The differential amplifier is
designed to have high common mode rejection capability
and used as the final stage to improve the phase imbalance
of the differential pair. The differential phase error of the
output signal is measured by the aid of an on-chip down-

convert mixer. The proposed VCO oscillates from 58.85 to
70.85 GHz with about 20% tuning range. The measured
phase noise at 3 MHz offset ranges from 278 to 289 dBc/
Hz. The gain of the proposed VCO is less than 1.6 GHz/V.
The measured differential phase error of the output signal is
less than 88. The VCO dissipates 217 mW.
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