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Abstract: A monolithic voltage controlled oscillator (VCO) based on negative resistance principle is presented uti-

lizing commercially available InGaP/GaAs hetero-junction bipolar transistor (HBT) technology. This VCO is de-

signed for 5GHz-band wireless applications. Except for bypass and decoupled capacitors,no external component is

needed for real application. Its measured output frequency range is from 4. 17 to 4. 56GHz, which is very close to

the simulation one. And the phase noise at an offset frequency of 1IMHz is — 112dBc¢/Hz. The VCO core dissipates

15. 5mW from a 3. 3V supply,and the output power ranges from 0 to 2dBm. To compare with other oscillators, the

figure of merit is calculated, which is about — 173. 2dBc/Hz. Meanwhile, the principle and design method of nega-

tive resistance oscillator are also discussed.
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1 Introduction

Oscillators have become essential components
since Edwin Armstrong discovered the superhete-
rodyne principle. In this application’, an oscilla-
tor feeds sinusoidal signals to a nonlinear mixing
element to effect frequency translation by multi-
plying the oscillator’s signals with other input sig-
nals. Today, voltage controlled oscillator (VCO)
is one of the most important circuits in wireless
transceivers as a part of frequency synthesizers,
which are commonly used in wireless systems™ "
and other communication systems which must
tune across a band of frequencies.

Recently, the increasing demand for high
speed data communication makes the use of 5GHz
wireless applications more widely, such as
IEEES802. 11a and HIPERLAN, which can enable
the speed of data transmission up to 54Mbps.
Monolithic  microwave
(MMIC) VCOs are very important building
blocks in the implementation of these modern
communication systems. Differing from some oth-

integrated  circuits
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er reported 5GHz works® ", the InGaP/GaAs
hetero-junction bipolar transistor (HBT) technol-
ogy is utilized due to the inherent low noise per-
formance and high frequency characteristics. Thus
the complexity of circuit topology could be simpli-
fied properly while the performance is still ac-
ceptable. It helps in achieving higher yield and
smaller chip size.

The VCO described in this paper is a negative
resistance oscillator made by InGaP/GaAs HBT
with an emitter width of Zum, cut-off frequency
(fr) of 30GHz and maximum oscillation frequen-
cy (fumx) of 90GHz at 6mA,3.5V. To achieve a
fully integrated VCO, the varactor for frequency
tuning must be realized with on-chip devices.
Thus, the base-collector capacitor of HBT is uti-
lized as the tuning element. The tuning range of
the base-collector junction capacitance has to be
taken into account to get the desired tuning range
of VCO. As a result,the achieved VCO has a tun-
ing range of more than 300MHz and phase noise
of —112dBc/Hz at an offset frequency of 1MHz.
To compare with other VCOs,the figure of merit
for the VCO is also calculated, which is about
—173.2dBc/Hz.
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2 Principle of negative resistance os-
cillator

Figure 1 shows the basic principle of one-port
7, The input imped-
ance of the active device is Ziy = Ry ¥ jX . The

negative resistance oscillator*

active device is terminated with a passive load
R, + jX.. Applying
Kirchhoff’s voltage law yields:

Znw+ZDI =0 (D
The following conditions must be satisfied when

whose impedance is Z, =

the oscillation occurs, i. e. the RF current [ is
none-zero.

R +Rn=0,X, +Xin=0 (2)
Since the load is passive, Ry >0 and thus R x<C0.
Thus,a negative resistance implies a power gener-
ation while a positive resistance implies power
dissipation. The condition that X, = — Xy deter-
mines the frequency of oscillation. The process of
oscillation depends on the nonlinear behavior of
the input impedance Z; as follow. Initially, it is
necessary for the overall circuit to be unstable at
the designed frequency,so

Rw(I,w) + R, <O

To satisfy Eq. (3),a value of R, = | Rin/3 |
commonly used in practical oscillator design. Any
transient excitation or noise could cause oscilla-

(3)
is

tion to build at the frequency w. As [ increases,
the value of Ry becomes less negative until the
value of R; + Ry = 0. The oscillator is now oper-
ating in a stable state.

3 Circuit design

The VCO we built is a kind of LC negative
resistance oscillator based on the principle in Sec-
tion 2. Additionally a buffer stage is used not only
to provide better isolation, which could improve
the frequency pulling effect caused by the varia-
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Fig.1 Principle of negative resistance oscillator
tions of the load impedance, but also to increase
the output power as needed. The overall block di-
agram of the VCO is illustrated in Fig. 2. A basic
circuit for the tuning of parallel resonant circuits
by means of varactor diodes is illustrated in
Fig. 3. In this diagram, Cj, is the decoupling capac-
itor and Ry is a bias resistor as well as a decou-
pling resistor. Cyp is the parasitic shunt capacitance
mainly in inductor L and the two varactor diodes,
Cyari and Cyage . Cp are not the real components
in the design library,but this parasitic capacitance
does exist in the resonant circuit and impact the
frequency tuning range of the VCO,as shown in
Eq. (4). Therefore this impact must be taken into
account in order to get relatively accurate fre-
quency predication. The ratio of the highest oscil-
lating frequency fosc mx to the lowest oscillating
frequency fosc min 18 shown in Eq. (4).

Oseill Interstage
Resonator scl 'ator matching
transistor network

1+ Cmax e
fOSCimax — CP(1 + Cmax/CVARl)
fOSC?min 1 + Cmax
CP(Cmux/Cmin + Cmax/CVARl)
4
Buffer Outp-ut
stage matching Zrond
network

Fig. 2 Block diagram of the VCO
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Fig. 3 Parallel-resonant circuit with two varactor di-
odes

where C,.« and C,;, are the maximum and mini-
mum capacitance of the varactor diode Cyagssre-
spectively™!’.

In Fig. 3,the resonator is tuned by two varac-
tor diodes,which are connected in parallel via the
inductor for tuning purposes. But the two diodes
are series-connected in opposition for high-fre-
quency signals. This arrangement has the advan-
tage that the capacitance shift caused by the AC
modulation acts in opposite directions in these di-
odes, and therefore, cancels itself. To achieve a
fully integrated VCO,the varactor diodes must be
realized with on-chip devices. After some analysis
and simulation, the base-collector junction is se-
lected to act the role of varactor diode under the
consideration for frequency tuning range and line-
arity. Several HBTs are connected in parallel to
get the desired capacitance due to the small capac-
itance of one single base-collector junction, as
shown in Fig. 4

Besides frequency tuning range, another im-
portant parameter of the VCO is the phase noise.
A higher quality factor (Q) of the tank helps in
suppressing the phase noise as shown by Leeson’s
equation’?! below:

(€))

L(Aw) = IOlg[ZFkT< @ )}

Psignul 2AU)Q

Here, L (Aw) is the phase noise at offset frequen-
cy Aw from the carrier at wy s Pggna 1s the VCO sig-
nal power at the tank, k is the Boltzman constant,
T is the temperature.and F is a factor represen-
ting device noise. As we all know,the Q of a va-
ractor is much higher than that of an inductor.
Thus the inductor that has the highest Q at
4. 3GHz is chosen for low phase noise since the Q
of the tank is mainly determined by the Q of the
inductor. In this InGaP/GaAs HBT foundry
process,various types of inductors (various width,

gap,and inner diameter) are offered. The 3-turn
inductor giving maximum Q of 16 at 4. 3GHz is
chosen for the resonator inductor.

After the inductor and varactor diodes are se-

lected properly under the formula f = S »the

27/ LC
whole resonator is done. Now the negative resist-
ance described in Section 2 is needed to compen-
sate the power dissipation in the resonator. In this
design,the common-base for HBT is preferred due
to the ease of tuning that it provides and an induc-
tor is added to the base to provide positive feed-
back, which increases the negative resistance of
the transistor even further. But it is not always the
case that larger inductors make the oscillating eas-
ier and the whole circuit better. In spite of the ex-
tra chip size caused by the larger on-chip induc-
tors, we found that larger feedback inductance
made the impedance matching more difficult dur-
ing our simulation. Thus we used an inductor of
0. 8nH, which is a tradeoff between negative re-
sistance, impedance matching and chip size. The
phase noise also depends on the currents passing
through the core HBTs because the current gain
and shot noise of HBT transistors strongly depend
on collector currents,so HBT collector current I
should be chosen at the optimal current for low
phase noise.

Until now we have got the main parts of the
VCO, but it is not suitable for practical applica-
tion because the bad isolation of the output may
cause many negative influences on the oscillator.
For example,a common problem is the frequency
change exhibited by a VCO in response to varying
load conditions, also known as frequency pulling.
A change in impedance seen by the VCO output
can induce changes in the DC voltages across junc-
tions of the VCO’s active device. The changes
would affect the output frequency and phase noise
performance.,or even make the oscillator out of
work. Another frequency-pulling phenomenon is
sometimes referred to injection locking or injec-
tion pulling. It concerns the effect of an interfer-
ing signal that is very near the operating frequen-
cy of the VCO. When the amplitude of an interfe-
rer at the VCO output port is sufficient enough, it
could cause the VCO to shift its oscillation fre-
quency to match the interfering frequency™'. An
effective way to solve these problems is to add a
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Fig. 4 Schematic of the InGaP/GaAs HBT VCO

buffer amplifier stage between the oscillator core
HBT and the load. In this design,the buffer stage
is implemented with emitter follower because of
its high input impedance and wide bandwidth.
The entire InGaP/GaAs HBT VCO circuit
was designed in Agilent Advanced Design System
(ADS) and simulated by Harmonic Balance in
ADS. The schematic is shown in Fig. 4, in which
the bias and impedance matching networks are
omitted. The power supply voltage Ve is 3.3V
and the tuning voltage Vi is from 0 to 3V. The
simulated frequency range is from 4. 11 to 4. 59GHz.
The designed VCO has been fabricated by
2pm InGaP/GaAs HBT foundry process. The
large signal model of the transistor was performed
using Vertical Bipolar Inter-Company ( VBIC)
model. One-finger 2pm X 10pm HBTs were used as
oscillator core transistors. This device shows a cut-
off frequency of 30GHz and a maximum oscilla-
tion frequency of 90GHz. Turn-on voltage of HBT
is about 1. 20V. The technology provides a SiN,
metal-insulator-metal ( MIM ) capacitor with
600pF/mm?,a 50/[] NiCr resistor and two inter-
connecting metal, of which thickness are 1.5pm
and 4pm, respectively. The whole circuit is passi-
vated with polyimide. The wafer is thinned to
95um with backside via holes. Figure 5 shows the
microphotograph of the fabricated VCO.

4 Results

The test was performed with chip-on-board

Fig. 5 Microphotograph of VCO chip

method. The VCO chip was directly stuck onto
the testing board with silver filled electro-conduc-
tive resin. Except for some bypass and decoupled
capacitors, no other external components were
needed. The VCO was tested by Agilent Perform-
ance Spectrum Analyzer E4440A. The output
spectra were saved through floppy disk,shown in
Fig. 6. From the marker in Fig. 6 (a), we know
that the oscillating frequency is 4.525GHz and
the output power is 0.921dBm at Viyne = 2.6V.
From the delta-mode marker in Fig. 6(b) we have
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Fig. 6  Output spectra at Viune = 2.6V (a) Fre-

quency and power marker; (b) Delta-mode marker
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Table 1  Comparison of the FOM among the pub-
4.65 lished 5GHz VCOs
.'.,: Ref Frequency FOM Tuni Jo
- “A-A ererence uning range/ /o
N 455 .;IﬂA /GHz /(dBc/Hz) § rang
= LA
2 4ash A ol GaAs 5.44 - 168.6 12.9
2 4 MESFETL! ‘ ' '
= 435f ane” CMOSE® 5 ~176.6 18
] -
= VS of CMOS!™ 4.7 ~173.1 4.3
2 425F e
g sty SiGe!®! 5 ~180.2 12.3
© 45 {.,-/'/ —a—Test SiGe 5.78 - 169.7 3.5
g —e—Simulation InGaP HBT 14! 5.51 -165.3 8.0
403, 05 10 15 20 235 3.0 InGaP HBTL!%] 4.39 -179.6 6.8
Tuning voltage/V This work 4.56 -173.2 8.9

Fig. 7 Comparison of test and simulation of the fre-
quency range

calculated the phase noise from Eq. (6), about
—112dBc/Hz@1MHz.

L(floffscl) = 101g@ = Pm +
S
B.

where L (fo) is the phase noise at offset fre-
quency fome from the carrier (in dBc/Hz), B, is
the measurement bandwidth (in Hz), C, is the
calibration coefficient of the testing system
(about 2~3dB), P, is the noise power in meas-
urement bandwidth (in dBm) ,and Pjs is the signal
power (in dBm). The measured phase noise is
much worse than the simulated one mainly be-
cause of the fluctuation in the power supply of
Vee and Vignes and also the radiation in testing
board.

Figure 7 shows the comparison result of the
measurement and simulated frequency tuning
range, which shows very good consistency. It
should be contributed to the use of air bridges.
This time we not only used the inductor with
structure of entire air bridge and air bridge post,
but also used the air bridges to connect the paral-
leled tuning diodes. Thus the C, in Eq. (4) was
minimized to reduce the difference between simu-
lation and measurement.

The VCO core dissipates 15.5mW from a
3.3V supply,and the output power is about 0dBm
to 2dBm in the frequency tuning range. In order
to make a fair comparison with other published
5GHz VCOs” "1 the figure of merit (FOM)
for the VCO is calculated with the widely used
FOM definition in Eq. (7) ,about —173dBc¢/Hz.

P Prc
FOM = L (fy) — 20lg fottset ImW

Here, L ( foe) is the measured phase noise from
the oscillator frequency at frequency offset, fogre -
Py is the dc power consumption of the VCO. Ta-

(7

+ 10lg

ble 1 shows the comparison of the phase noise fig-
ure of merit among some published 5GHz VCOs.

5 Conclusion

A fully-monolithic InGaP/GaAs HBT VCO
for 5GHz wireless applications was presented. Al-
though the tuning range of on-chip varactor is
smaller than that of external varactor, the de-
signed VCO using on-chip varactor covers the de-
sired frequency range of 300MHz. And the meas-
urement frequency tuning range is very close to
the simulation one. The tuning range is 8. 9% ,and
the FOM of the VCO is —173. 2dBc/Hz.
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