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The Design of Double-Positive-Feedback
Voltage-Controlled Oscillator

Zue-Der Huang and Chung-Yu Wu, Fellow, IEEE

Abstract—A 24 GHz 1.4-mW double-positive-feedback voltage-
controlled oscillator (DPF-VCO) has been designed and realized in
a0.13 pm CMOS process. In the proposed DPF-VCO, the concept
of double positive feedback loops is adopted to enhance the VCO
performance and the current-mode output technique is used to ob-
tain the output current signal. The fabricated DPF-VCO consumes
only 0.78 mA, 0.97 mA, and 1.17 mA under the supply voltage of 1,
1.1, and 1.2 V, respectively, and the corresponding measured phase
noise is —104 dBc/Hz, —112 dBc/Hz,and —115 dBc/Hz at
1 MHz offset frequency. The best FOM of the proposed DPF-VCO
is —201 dBc/Hz.

Index Terms—Colpitts, double-positive-feedback voltage-con-
trolled oscillator (DPF-VCQ), negative resistance, phase noise.

I. INTRODUCTION

HE fast growth of wireless applications in recent years has

driven intense effort to design highly-integrated, high-per-
formance, low-cost, and low-power radio-frequency integrated
circuits (RFICs). In the modern design of RF transceivers, a
fully-integrated frequency synthesizer to produce a precise local
oscillator (LO) signal for channel selection is required. There-
fore, a VCO with low voltage, low phase noise, and low power
is essential.

Recently, many VCOs operated at K-band (17 to 29 GHz)
have been reported in [1]-[5]. In order to have good perfor-
mance of phase noise and low power consumption, multi-feed-
back-loop technique has been presented and utilized in VCOs.
In [3], a differential Clap-VCO is demonstrated with the phase
noise of —110.5 dBc/Hz at 1 MHz. The power consumption is
5.4 mW and the FOM is —188.7 dBc/Hz. In [4], the capacitive
feedback loop is used to increase its small signal gain to have
good phase noise of —111 dBc/Hz at 1 MHz and can be
operated at 20 GHz. In [6]-[8], the technique of transformer
feedback and inductive feedback are also proposed. With the
transformer feedback, the quality factor can be improved to
enhance the phase noise performance and reduce the power
consumption.

The goal of this letter is to design a new double-positive-feed-
back VCO (DPF-VCO) to achieve better phase noise and lower
power consumption. With the double positive feedback loops,
the two negative resistance circuits of the VCO can increase the
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Fig. 1. Circuit diagram of the proposed DPF-VCO.
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negative resistance with the shared dc bias current to reduce the
power consumption. The NMOS cross-coupled pair makes the
circuit differential to prevent the start-up problem occurred in
some VCOs as discussed in [9]. The proposed DPF-VCO has
been designed and fabricated by using 0.13 pm CMOS tech-
nology. The performance of the DPF-VCO is verified through
the experimental results. The fabricated VCO consumes only
0.78 mA, 0.97 mA, and 1.17 mA under the voltage of 1, 1.1,
and 1.2 V, respectively. The corresponding measured phase
noise is —104 dBc/Hz, —112 dBc/Hz, and —115 dBc/Hz at
1 MHz offset frequency. The best FOM of the proposed VCO
is —201 dBc/Hz.

In Section II, the proposed DPF-VCO is presented and ana-
lyzed. In Section III, the measurement results of the fabricated
DPF-VCO are demonstrated. Finally, the conclusion is given in
Section IV.

II. CIRCUIT REALIZATION OF DPF-VCO

The circuit diagram of the proposed DPF-VCO is shown in
Fig. 1 where the concept of combining a differential Colpitts
with a cross-coupled pair structure is adopted to increase the
negative resistance under low supply voltage. The bias current is
reused to maintain low power consumption under lower supply
voltage. The circuit is composed of two single-ended Colpitts
oscillators and one NMOS cross-coupled core. As shown in
Fig. 1, (M;,C1, Cyar1) and (Ma, Cy, Cyare) form two single-
ended Colpitts structures to provide the primary negative resis-
tance. (M3, My) is the NMOS cross-coupled pair to contribute
the secondary negative resistance in the DPF-VCO. Mj is to
supply the dc bias current and Vc is the controlled voltage to
tune the frequency of VCO through the varactors Cl,,; and
Clare. The resonant frequency of the VCO is determined by the
LC tank of (Lc, C1,2, Cvar1,var2) With inductance of 0.48 nH
and quality factor of 17.
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Fig. 2. (a) Half circuit of DPF-VCO for negative resistance calculation (b) the
small-signal model of half circuit for negative resistance calculation.
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Fig. 3. Spectre-RF simulated negative resistance of Colpitts-only structure and
DPF structure.

In Fig. 2(a), the half circuit of DPF-VCO for negative resis-
tance calculation is shown and its small-signal model is pre-
sented in Fig. 2(b). From Fig. 2(b), the input impedance can be
calculated as

5C1 4+ 8Cvar1 + gm_co
SQOlovarl - Sclgm_cc
_ 9Im_co + jw (Cl + Cvarl)
T w2010 + jwCi g e

Zin =

D

where ¢.n,_co and gp,_cc are the transconductance of M7 and M3,
respectively. From (1), the real part and imaginary part of Zin
can be derived as

9m _cc (Cl +Cvar1) 2)
w2Cy Cfal.l +Clg?n_cc

wzcvarl (Cl +Cva1‘l) _gnz_uugnz_uu
WC1O2, +wCi g2 e '

Ym _co Cvarl
Re Zin =-
e{ } (UJZCngal.l +Clg?n_cc

T {Zn} = — ( 3)

The ¢m_co and gpm,_c. for this circuit are 8.16 mS and 1.862
mS, respectively. The calculated negative resistance from (2) at
24 GHz is —50.6 ohm. The comparison of simulated negative
resistance by SpectreRF between DPF-VCO and single-ended
Colpitts VCO is presented in Fig. 3. As can be seen in Fig. 3,
the simulated negative resistance of the DPF-VCO at 24 GHz is

much greater than that of Colpitts-only structure under the same
dc power consumption.
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Fig. 4. Simplified half circuit of DPF-VCO for RF current outputs.
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Fig. 5. Chip photo of the proposed VCO.

In this design, the output currents are generated through
M;(Ms3) and My(M,) that are controlled by the v,;(v,2) and
v02(V,1), respectively. By neglecting C in Fig. 2(a), the sim-
plified half circuit of DPF-VCO that only contains M7, M3, and
can be shown in Fig. 4. Under the assumptions of infinite output
resistance r, of the transistor in Fig. 4 and low impedance of
Cout1 at high frequency, both effects are neglected to simplify
the derivation. By applying the small-signal model, the RF
current 2,,¢1 1S the difference of the two currents of 7; and 3
and the relationship can be shown as

Z.1 - ioutl - 7:3 = 9m_co (Uol - vl) - 7:ml.tl —9m_ce (_vol) =0
4

and the ¢,,,¢1 can be expressed as
. gm_co
loutl = Vol (gm_co + gm_cc) 1- — 1 |- (5)
Im_co + Zr

As can be seen from (5), when load impedance 77, is smaller,
the output current is larger.

III. EXPERIMENTAL RESULTS

The proposed 24 GHz DPF-VCO was fabricated in 0.13-pm
1P8M CMOS technology and the chip photo are shown in Fig. 5
and the circuit occupies 0.073 mm? for the active region.

The maximum measured tuning range is 7% which is from 22
to 23.6 GHz as the controlled voltage Vc is varied from 0 V to
the supply voltage of 1.2 V. The measured tuning curves of the
fabricated VCO with different supply voltages and controlled
voltages are shown in Fig. 6. Fig. 7 shows the output spec-
trum which is around —23 dBm and its center frequency is at
23.5 GHz at a 1.2 V supply voltage. The measured phase noise
at 1 MHz offset versus different supply voltage is shown in
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Fig. 6. Measured tuning range of VCO at Vdd = 1.2 V, 1.1 V,and 1 V,
respectively, with the controlled voltage varied from 0 to Vdd.
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Fig. 7. Measured output spectrum of VCO.
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Fig. 8. Measured phase noise at 1 MHz frequency offset and [FOM]| of the
stand-alone DPF-VCO versus different supply voltages.

Fig. 8. As shown in Fig. 8, the phase noises are —115, —112, and
—104 dBc/Hz under different supply voltages of 1.2V, 1.1 V,
and 1 V, respectively. In Fig. 8, the figure-of-merit (FOM) [2] of
the fabricated DPF-VCO at 1 MHz offset frequency is also cal-
culated as —201, —199, and —192 dBc/Hz, respectively. The
current consumption is 1.17 mA under 1.2 V supply voltage and
0.78 mA under the lowest supply voltage of 1 V.

TABLE I
PERFORMANCE COMPARISONS OF VCOS

This work [3] 4] [5]
Process (CMOS) 0.13 0.13 0.18 0.13
vdd (V) 12 1.1 1.0 0.9 1.8 1.2
Pnoise @1 MHz -115 -112 -104 -110.5 -111 -117
Jfosc (GHz) 228 228 229 18.8 19.9 18
Tuning range 7% 69% 53% 9% 2.5% 5.5%
Pout (dBm) -23 -27 -29 -19 3 -10
Power (mW) 1.4 1.1 0.78 5.4 32 14.4
Area (mm?) 047 047 047 0.564 0.43 0.12
FOM (dBc/Hz) -201 -199  -192 -188.67 -182 -189

The measured performance of the VCO is summarized in
Table I, along with the comparisons with the previously pub-
lished CMOS K-band VCOs. As can be seen from Table I, the
proposed DPF-VCO has the advantages of low phase noise and
low power consumption.

IV. CONCLUSION

In this work, a DPF-VCO has been designed and fabricated
by the 0.13 pm 1P8M CMOS technology process. For the DPF-
VCO, the double-positive-feedback concept has been adopted
to lower the phase noise and reduce the power consumption.
From the experimental results, the DPF-VCO only consumes
1.17 mA under the voltage of 1.2 V and 0.78 mA under the
lowest supply voltage of 1 V. The best measured phase noise
is —115 dBc/Hz at 1 MHz offset frequency and the FOM of
VCO is —201 dBc¢/Hz.
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