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SUMMARY  Quadrature voltage-controlled oscillators (VCOs) with
current-weight-average and voltage-weight-average phase-adjusting archi-
tectures are studied. The phase adjusting equalizes the oscillation fre-
quency to the LC-resonant frequency. The merits of the equalization are ex-
plained by using Leeson’s phase noise equation and the impulse sensitivity
function (ISF). Quadrature VCOs with the phase-adjusting architectures are
fabricated using 180-nm TSMC CMOS and show low-phase-noise perfor-
mances compared to a conventional differential VCO. The ISF analysis and
small-signal analysis also show that the drawbacks of the current-weight-
average phase-adjusting and voltage-weight-average phase-adjusting archi-
tectures are current-source noise effect and large additional capacitance, re-
spectively. A voltage-average-adjusting circuit with a source follower at its
input alleviates the capacitance increase.

key words: integrated circuit, phase noise, voltage-controlled oscillator,
gate delay, phase-adjusting architecture, quadrature signal, impulse sensi-
tivity function

1. Introduction

High-bit-rate wireless communications demand high
carrier frequencies[1], such as 24-GHz WLAN/[2],
IEEE802.11ad [3], and 24-29 GHz 5G mobile phones [4].
One of essential circuit blocks in the high-frequency wire-
less systems is a voltage-controlled oscillator (VCO). Vari-
ous VCOs are investigated [5]-[9] for quadrature signal pro-
cessing [10]-[17] in the high-performance wireless systems,
however, a high-frequency VCO usually needs an excep-
tionally fine CMOS technology and/or a special high-Q in-
ductor process [18]-[23] for suppressing the phase noise.
Thus, their process cost could be considerably high. The
high-cost fine CMOS technology reduces a transistor delay
and then the VCO phase noise. Instead of using the high-
cost process, we used a phase-adjusting architecture with
a quadrature VCO for suppressing the delay-related phase
noise [24]. The phase-adjusting architecture is composed
of poly-phase VCO outputs, mitigates the transistor-delay
influence, and can be implemented without process-cost
increase.

This paper analyzes the relation between the
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transistor delay and the VCO phase noise. Then two types
of phase-adjusting architectures are evaluated using ac anal-
ysis, small-signal analysis, and measurement results. Both
architectures are using weight-average phase adjusting but
different in the phase-noise suppressing performances.

2. Relation between VCO Phase Noise and Gain-Cell
Transistor Delay

Figure 1 shows the circuit structure and the ac-analysis re-
sults for a differential LC VCO. The open-half-loop gain and
phase of a differential VCO (Fig. 1 (b)) were estimated us-
ing Spectre simulation. A dummy LC amplifier was added
in the simulation for adding gate capacitances to an LC par-
allel resonant circuit. The phase-change rate, which is the
derivative of the phase response (|¢’(f)|), was also calcu-
lated using the phase-frequency dependence (Fig. 1 (b)) as
shown in Fig. 1 (c). The gain peak locates at the LC reso-
nant frequency of 29.4 GHz, however, the oscillation occurs
at 28.7 GHz because of oscillation condition (180° phase
delay). The difference between the LC resonant frequency
and the oscillation frequency arises from an RC delay in a
gain-cell transistor. The RC delay of At causes a phase de-
lay of A¢ (= 2nfAt), thus the gain-cell transistor changes
a voltage input to a current output with a phase delay of
(m+ A¢). At the oscillation frequency, the LC resonant cir-
cuit changes the current output to the voltage output with a
phase lead of A¢. Therefore, the oscillation occurs at the in-
ductive frequency region of the LC parallel resonant circuit
and the oscillation frequency is lower than the LC resonant
frequency.

The relationship between oscillation frequency and
phase noise is well known as Leeson’s phase noise equa-
tion [25], and is as follows:

2kTF 1 2 fiy f

B T TV VA
where, f,. is the oscillation frequency, Af is the carrier off-
set frequency, k is the Boltzmann constant, T is the abso-
lute temperature, F is the noise factor of the gain cell, and
fi/r 1s the flicker noise corner frequency. And ¢'(fres) =
—2Q ank/ fres Where Qqani is the Q factor of the tank circuit
and f.s is the LC resonant frequency of the tank circuit.
When the time delay of the gain cell is negligible compared
to the LC resonant frequency, fs = fose and Qg im-
provement is a main target for suppressing the VCO phase
noise [26]. However, when the delay time is not sufficiently
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Fig.1 (a) The circuit structure, (b) the gain and phase and (c) the phase-
change rate (|¢’(f)|) of open-half-loop ac analysis for a differential LC
VCO.

small, the phase noise could be enlarged by the delay [24].

As shown in Fig. 1(c), the frequency difference be-
tween the oscillation frequency and the LC resonant fre-
quency lowered the loop gain of VCO by about 1 dB, then
the oscillation power (P,s) in Eq. (1) must be decreased.
Equation (1) also predicts that the decrease of the phase-
change rate (|¢’(f)[) could deteriorate the phase noise about
2 dB.

Figure 2 shows a typical shape of the impulse sensitiv-
ity function (ISF) I'(w,f) for an LC oscillator [27]. T'(w,sct)
indicates the sensitivity of the oscillator to an impulse in-
jected at phase w,t. Noise sensitivity has its maximum
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value near the zero crossings of the oscillation, and a zero
value at maxima of the oscillation waveform. The current-
source noise is injected into the output nodes through gain-
cell transistors, then the injected current-source noise has
its maximum value when the drain current reaches its peak
value (at the negative peak of i;(¢)). The dotted arrows
(shown in Fig.2) indicate the timing when the current-
source noise reaches its maximum. The phase difference
between the output voltage of the VCO (v,(?)) and the drain
current of gain-cell transistor (iy(¢)) is A¢. If A¢ is zero,
the maximum current-source noise is injected at the zero-
impulse-sensitivity timing. Therefore, when A¢ is not zero,
the maximum current-source noise is injected at the non-
zero-impulse-sensitivity timing and VCO phase noise be-
comes worse.

3. Phase Adjusting Architectures and Performances

Phase adjusting architectures were designed and were fab-
ricated to reduce the phase delay A¢, equalize the oscil-
lation frequency to the LC resonant frequency, and were
expected to suppress VCO phase noise. To evaluate the
phase-adjusting-architecture performance, the inductors and
the total width of the gain-cell transistors were same in all
fabricated VCOs. The phase noises of the fabricated VCOs
were measured with various bias voltages, Vpp = 2.2 V and
Ve = 0 V. The value of Vpp was selected to optimize the
figure-of-merit (FOM) of the VCOs with source followers.
The figure-of-merit (FOM) is defined as [28]:

FOM = L(»f)

- 2010g(Ai°f) + 10log( ;fvcv)' )

3.1 Current-Weight-Average Phase-Adjusting Architec-
ture

Figure 3 shows the concept of current-weight-average phase
adjusting. The drain currents of gain-cell transistors are con-
trolled by differential output voltages (0° and 180°) and 90°-
advanced differential output voltages (90° and 270°). By op-
timizing the transistor-size ratio W, /Wy, the phase angle of
total current is adjusted as

Ligy = =A@
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weight-average phase-adjusting architecture.

Ligp = 90° — AP
Z(idl +ip) = 0°.

There is neither area penalty nor power penalty in this
architecture. However, the noise from the current source
could worsen the VCO phase noise because there are large
phase differences between the drain currents and the output
voltage (A¢ and /2 — A¢) as shown in Fig. 4.

The conventional differential VCO [29]-[32] and the
current-weight-average phase-adjusted quadrature VCO
were fabricated using TSMC 180-nm CMOS technology (as
shown in Figs. 5 and 6). There are two differential VCOs on
a chip in Fig. 6 (a). The value of W, for the conventional
VCOs was 5 um x 10. The ratio of W,/W; was optimized
using Spectre simulations for low phase noise. To verify the
current-weight-average phase-adjusting effect, the simula-
tions were done on the condition of Wy = W, + W,. And the
values of W; and W, for the quadrature VCO were 5 um x 8
and 5 um X 2, respectively.

Figure 7 shows the measured results of the relation
between phase noise at 1-MHz offset frequency and cur-
rent consumption. The current consumption shows the cur-
rent of the one conventional differential VCO and that of
the quadrature VCO. The current of the quadrature VCO
was about 2 times larger than that of the conventional dif-
ferential VCO. This means that the current-weight-average
phase-adjusting architecture needs no extra power consump-
tion than that of a quadrature VCO without phase ad-
justing. Oscillation frequencies were 28.05 GHz for the
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Fig.5  Circuit architectures of (a) a conventional differential VCO and

(b) a quadrature VCO using a current-weight-average phase-adjusting ar-
chitecture.

Fig.6  Chip microphotographs of (a) two conventional differential VCOs
and (b) a quadrature VCO with a current-weight-average phase-adjusting
architecture.
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average phase-adjusting architecture. Phase noise was measured at 1-MHz
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conventional VCO and 26.56 GHz for the quadrature VCO.
When the current consumption increases, both the output-
voltage amplitude and the current-source noise increase. In
the small-current region, the voltage-amplitude gain over-
whelms the current-noise increase, then the VCO phase
noise decreases. However, in the large-current region, the
non-linear response of the gain-cell transistor saturates the
voltage amplitude, and then the phase noise increases. The
minimum phase noises in Fig.7 are —101.5 dBc/Hz and
—102.6 dBc/Hz for the conventional VCO and the quadra-
ture VCO, respectively. The phase-noise difference is only
1 dB because of the trade-off between the phase-adjusted
effect and the current-source noise impact. The phase-
adjusted effect was expected to reduce the phase noise more
than 2 dB as explained with Eq. (1). However, the impulse
sensitivity of the current-source noise with iz (7) is stronger
than that with i () as shown in Fig. 4. Therefore, the total
impulse sensitivity of current-source noise becomes worse.

3.2 Voltage-Weight-Average Phase-Adjusting Architec-
ture

The main drawback of the current-weight-average phase ad-
justing is the phase difference between the output voltage
and the drain currents as shown in Fig.4. Therefore the
A¢-phase shifters at two gate inputs of a differential VCO
(depicted in Fig. 8 (a)) are thought to be extremely helpful
to adjust phase delay and suppress phase noise. The A¢-
phase shifter was designed using a weight-average architec-
ture with two capacitors as shown in Fig. 8 (b). Phase ad-
justing at the input of the gain-cell transistor is expected to
reduce the phase difference and the current-source noise ef-
fect as shown in Fig. 9.

Using small signal analysis, three currents in Fig. 8 (b)
are expressed as

il = jwoxccl (Uo - Ug)
Iy = jwoscCa(jvo — Ug)
i3 = jwosccgvg
i1 +i =13
Thus, the gate voltage v, is expressed by using v, as

C +jC2

=0 3
YECr GG, 3)
and
ol NCIHE W
ool  Ci+Ca+C,
Then
i = iw CI(CZ +Cg) v (/-)oscCICZ v (5)
R e A G G Gl
and
. . CZ(CI + Cg) . woscCICZ
2 = JWosc (6)

C+G+C) v,
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Equations (5) and (6) mean that additional capacitances con-
nected to the VCO output are seemed to be increased con-
siderably as shown in Fig. 10. Small values of C| and C,
could reduce the additional capacitances but decrease the
loop gain as shown in Eq. (4). Then three types of phase-
shifter circuits depicted in Fig. 11 were evaluated using sim-
ulations and measurements. Type-(b) and -(c) phase shifters
use source-follower circuits at their inputs. The source
follower changes the additional capacitance to the source-
follower gate capacitance. However, Type-(c) phase shifter
could not produce a VCO oscillation even in the simula-
tion because it decreases the amplitude of the signal flowing
through the source follower and a loop gain. Type-(a) phase
shifter was expected to lower phase noise in the simulation,
but it could not produce VCO oscillation in the measure-
ment. The cause of the inoperability is still under consid-
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Fig.11  Three types of voltage-weight-average phase-shifter circuits.
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lower is added to the 90° input of basic shifter, (c) two source followers are
added to the 0° and 90° inputs of basic shifter.

VDD
v Q
— '
o CLj o ¢ + Voo

bias ";’ —]
(a) (b)
Fig.12  Circuit architecture of (a) a voltage-weight-average phase-

adjusted quadrature VCO using four phase adjusts formed by 8 capacitors
and 4 source followers and (b) a source follower.

eration. Finally, only Type-(b) phase shifter could produce
VCO oscillation.

Figure 12 shows a quadrature VCO circuit using the
voltage-weight-average phase-adjusting architecture. Four
A¢-phase shifters are added to two conventional differential
VCOs. The optimum value of C,/C; ratio is determined by
many effects such as the phase-adjusting effect, signal loss
(as expressed as Eq. (4)), and additional resistances and ca-
pacitances (as shown in Fig. 10). Therefore, the optimum
C,/C ratio for the voltage-weight-average phase-adjusted
VCOs was estimated using Spectre simulations (as shown
in Fig. 13) with Vpp = 2.2 V and V,,,; = 0 V. The current-
source bias voltage was optimized for low phase noise. The
optimum ratio of C,/C; was about 0.1 for VCOs with C;
of 400 fF and 600 fF. However, no oscillation was ob-
tained when the ratio of C,/C; was larger than 0.11 with
C of 400 fF due to loop-gain shortage. Then two phase-
adjusted quadrature VCOs were fabricated using TSMC
180-nm CMOS technology (as shown in Fig. 14). The val-
ues of C; and C, of the A¢-phase shifters were 400 fF and
40 {F for chip (a), and 600 fF and 60 fF for chip (b), respec-
tively.

The phase noises of the quadrature VCOs were mea-
sured with various bias voltages, Vpp = 2.2 V and V,y =
0 V. The VCO test chip was measured using an EXA se-
ries signal analyzer by Keysight Technologies Inc. with an
on-wafer probe station. Figure 15 shows the relation be-
tween phase noise at 1-MHz offset frequency and current
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Fig.14 Chip microphotographs of voltage-weight-average phase-
adjusted quadrature VCOs with (a) C; = 400 fF, C; = 40 fF and
(b) C; =600 fF, C; = 60 {F.
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Fig.15 Relation between phase noise and current consumption for a
conventional differential VCO and two quadrature VCOs with a voltage-
weight-average phase-adjusting architecture. Phase noise was measured at
1-MHz offset frequency from the carrier frequency.

consumption. The current consumption shows the currents
of the phase-adjusted quadrature VCOs with four source fol-
lowers. In terms of bias setting, the quadrature VCO with
C; = 600 fF, C, = 60 fF has a larger operation range than
those of a conventional VCO and the quadrature VCO with
C1 = 400 fF, C, = 40 fF. The phase-adjusting architecture
reduces the phase noise and is supposed to expand the op-
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eration range, however, the loop-gain reduction (shown in
Eq. (4)) in the quadrature VCO with C; = 400 fF, C, =
40 fF probably disturbed the operation-range expansion.
Simulations predicted that further phase-noise improvement
could not be expected with larger values of C| and C; as
shown in Fig. 13. Oscillation frequencies were 26.59 GHz
for the quadrature VCO with C; = 400 fF, C, = 40 fF,
and 25.17 GHz for the quadrature VCO with C; = 600 fF,
C, = 60 fF. As mentioned, the A¢-phase shifter worked not
only as a phase shifter but also as an additional capacitor
and hence both the LC-resonant frequency and the oscilla-
tion frequency of the phase-adjusting quadrature VCO were
lowered.

The ranges of oscillation frequencies were 28.05
to 28.73 GHz for the conventional VCO and 25.17 to
25.73 GHz for the quadrature VCO with C; = 600 fF,
C, = 60 fF when V,,; was changed from O to 2.2 V. Thus,
the tuning ranges were 2.4 % and 2.2 % for the conventional
VCO and the quadrature VCO, respectively. This means
that the additional capacitance of the A¢-phase shifter re-
duced the frequency range by about 10 %. The frequency
tuning ranges of the fabricated VCOs were narrow because
the DC level of the varactor gate was always approximately
Vbp, thus the capacitance variable range was small. More-
over, the parasitic capacitance of cross-coupled NMOS was
relatively large.

Figure 16 shows the offset-frequency dependence of
phase noise at the conditions of minimum phase noise in
Fig. 15. In Fig. 16, the current consumptions of the conven-
tional VCO and the phase-adjusted quadrature VCO with
Cy = 600 fF, C, = 60 fF were 15.4 mA and 41.2 mA,
respectively. Integrated phase noises (from 100 kHz to
1 MHz) were —26.4 dBc for the conventional VCO and
—34.0 dBc for the phase-adjusted quadrature VCO with
C, = 600 fF and C, = 60 fF. The phase-adjusting ar-
chitecture suppresses phase noise about 9 dB and 6 dB at
100-kHz and 1-MHz offset frequencies, respectively. The
3-dB reduction of phase-noise suppression at 1-MHz offset
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Fig.16  Measured phase noise as a function of the offset frequency from
the carrier frequency.
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frequency was probably due to measurement instability as
shown in Fig. 16. The reason for the instability is under in-
vestigation.

4. Performance Summary and Discussion

The best FOMs of the VCOs in Fig. 7 and Fig. 15 were eval-
uated as —175.1 dBc/Hz, —175.0 dBc/Hz, —173.5 dBc/Hz
and —176.4 dBc/Hz for the conventional VCO, the current-
phase-adjusted quadrature VCO, the voltage-phase-adjusted
quadrature VCOs with C; = 400 fF, C, = 40 fF and with
C; =600 fF, C, = 60 fF, respectively.

Performance summary of the phase-adjusted quadra-
ture VCOs is illustrated in Table 1. A quadrature VCO
usually consumes two times larger current than that of a
differential VCO, so the FOM improvements compared to
the conventional differential VCO are effectively 2.9 dB,
1.4 dB and 4.3 dB for current-phase-adjusted VCO, voltage-
phase-adjusted VCOs with C; = 400 fF, C, = 40 fF and
C; = 600 fF, C, = 60 fF, respectively. The voltage-phase-
adjusted VCOs could reduce phase noise by 6 dB with the
sacrifice of the source-follower-power increase, and hence
the improvement of FOM value is only 1 dB.

Performance comparison with recently published
CMOS LC VCOs is illustrated in Table 2. All VCOs are
quadrature VCOs. The proposed VCO shows phase-noise
performances comparable to the finer-process VCOs. The
FOM value of Ref.[33] is better than that of our VCO.
There are two reasons for the better FOM value. The
first reason is because the VCO of Ref.[33] operated at
10 GHz and produced 20-GHz outputs using a frequency
doubler. Therefore, the VCO of Ref. [33] had little delay-

Table1 Performance summary
Current C; =400 fF | Cy =600 fF
Conv. adjusted C, =40 fF Cr, =60 fF
Jfose (GHz) 28.05 26.56 26.59 25.17
Ppc (mW) 339 404 59.6 90.6
PN @IMHz | -101.5 | -102.6 -102.8 -107.5
(dBc/Hz)
FOM -175.1 | -175.0 —-173.5 -176.4
(dBc/Hz)
Table 2 Performance comparison
Cy =600 fF
Ref Cy =60 fF [33] [34] [35] [36]
process 180 180 130 65 65
(nm)

Josc (GHz) 25.17 19.85 20.17 20.88 26
T.R. (%) 22 10.4 - 17.9 144
Vpp (V) 2.2 1.8 1.2 1.2 -

Ppc (mW) 90.6 40.3 28.8 80.0 11.8
chip area 600 1280 650 1100 280

(um?) %220 %760 %400 %1000 x84

PN@IMHz -107.5 -111.5 | -1024 | -100 -100
(dBc/Hz)

FOM -176.4 -181.4 | —1739 | -173.4 | -177.6
(dBc/Hz)
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related noise degradation. The second reason is because the
source-follower circuit in our VCO was not optimized. It
consumed large electric power.

5. Conclusion

Quadrature VCOs with current-weight-average and voltage-
weight-average phase-adjusting architectures were studied.
The merits of the oscillation frequency equalization to the
LC-resonant frequency were explained by using Leeson’s
phase noise equation and the impulse sensitivity function
(ISF). Quadrature VCOs with the phase-adjusting archi-
tectures were fabricated using 180-nm TSMC CMOS and
showed low-phase-noise performances compared to a con-
ventional differential VCO. The ISF analysis and small-
signal analysis showed that the drawbacks of the current-
weight-average phase-adjusting and voltage-weight-average
phase-adjusting architectures were the current-source noise
effect and the large additional capacitance, respectively. A
voltage-average-adjusting circuit with a source follower at
its input alleviated the capacitance increase.
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