IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 66, NO. 3, MARCH 2018

1399

A 2.33-GHz, —133-dBc/Hz, and Eight-Phase
Oscillator With Dual Tanks and
Adaptive Feedback

Rong Jiang™, Hossein Noori, Senior Member, IEEE, and Fa Foster Dai, Fellow, IEEE

Abstract— This paper presents a multiphase clock generation
technique, which employs coupled oscillators and the capacitive-
coupling mechanism to achieve both low-power and low-noise
characteristics. An oscillator core equipped with both dual tanks
and the adaptive feedback technique is proposed. To verify the
concept, a four-core coupled oscillator is implemented, and an
analytical model on its phase noise performance is presented
using the generalized Adler’s equation. The proposed four-core
coupled oscillator is fabricated in a 130-nm CMOS RF SOI
process. It achieves measured phase noise of —133 dBc/Hz at
1-MHz offset from 2.33 GHz. The current consumption for each
oscillator core is 10 mA from a 1-V supply voltage. The figure
of merit (FoM) of the eight-phase oscillator is 184.3 dBc/Hz;
resulting in a per-phase FoM of 193.3 dBc/Hz.

Index  Terms— Capacitive coupling,
generation, oscillators, phase noise.

multiphase clock

I. INTRODUCTION

MERGING technologies such as N-path filters, phased

array antennas, interleaved data converters, and subhar-
monic mixers escalate the need for multiphase clock gener-
ation circuits. In addition, as the number of phases of the
clock generator increases, certain side benefits are achieved;
e.g., less harmonic distortion for the N-path filter. Therefore,
an efficient and expandable solution to generate a multiphase
clock is of utmost importance. However, most conventional
multiphase clock generation mechanisms are not suitable
candidates. For example, the delay-cell-based ring oscillator
has poor phase noise, and is not qualified for gigahertz and
millimeter-wave applications. Furthermore, the ploy-phase-
filter-followed structure is narrowband, and cannot meet the
requirements of today’s software-defined radio. In addition, the
frequency-divider-based clock generator requires an oscillator
with N times higher operating frequency, and while it could
still be a valid candidate for lower gigahertz applications, it
will increase the design complexity and power consumption
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Fig. 1.  Conventional transistor-coupled oscillators. (a) Parallel coupling.
(b) Series coupling.

as the number of phases and operating frequency increase.
With the above in mind, the coupled-oscillator architecture is
a potential candidate for multiphase clock generation, since
it can achieve high performance, and is easy to expand to
a higher number of phases by adding oscillator cells to the
coupling path. According to [1], as the number of oscillator
cores (N) increases in the coupling system, the overall oscil-
lator phase noise will be improved by a factor of 10log;q N.
This indicates that additional clock phases and lower phase
noise can be achieved simultaneously when using coupled
oscillators.

In recent years, several coupling mechanisms have been
proposed for coupled oscillators. The most commonly used
coupling topology utilizes active devices [2], as shown in
Fig. 1. However, the structure with parallel coupling transis-
tors [Fig. 1(a)] suffers from higher power consumption and
excess noise due to these additional active devices. Although
the structure with a series coupling transistors [Fig. 1(b)]
has better phase noise performance, it requires extra voltage
headroom, which translates to higher power consumption.

With the above issues in mind, our proposed design uses
a capacitive coupling technique [3] for multiphase clock
generation, as shown in Fig. 2, which does not suffer from
any of the issues mentioned earlier. The proposed multiphase
clock generator consists of four oscillators and four cou-
pling paths. Since the oscillators are of differential type, an
eight-phase clock can be generated. The coupling among the
first three oscillators (i.e., oscillators 1, 2, and 3) is in phase,
while that between oscillators 1 and 4 is 180° out of phase
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Fig. 2. Concept of coupled oscillators using capacitive coupling.

in order to create a negative gain stage to meet the phase
requirement of the multiphase system.

In addition, to achieve the best performance on the unit cell
level, the proposed architecture takes advantage of the recently
published techniques to improve the phase noise as much as
possible. The following is a brief review of those techniques.

1) Class-F VCO [4] uses a transformer with coupled
resonating wings to improve impulse sensitivity func-
tion (ISF) by reshaping the output waveform, while
Class-C VCO [5] reshapes the current waveform by
using a tail capacitor.

2) Alternative ISF manipulation can be implemented by
using the adaptive biasing feedback [6], which synchro-
nizes the behavior of the bias transistor with the cross-
coupled transistor.

3) The dual-tank technique [7], [8] reduces the operation
time of the cross-coupled transistors in the triode region
in order to avoid degradation of the Q of the tank.

4) The filtering technique [9], which creates high
impedance at the source at @y to form a noise filter.

Nevertheless, some techniques are not suitable for the
coupled-oscillator application. For example, capacitive cou-
pling will affect the transformer coupling and output wave
reshaping for the Class-F structure. Or, the Class-C architec-
ture requires that the transistor always be far from the deep
triode region, which must be fulfilled by another technique
such as a low-pass RC filter at the gate to reduce the swing of
the drain. Although the filtering and dual-tank techniques both
require an additional inductor, the former is less compatible
with adaptive biasing feedback. As a result, we arrive at our
proposed structure, which adopts only the adaptive biasing
feedback and the dual-tank techniques from among all avail-
able techniques to form the unit oscillator cell.

However, properly combining unit oscillator cells with
capacitive coupling is a great challenge, since it can easily
degrade the phase noise instead of improving it. To address
this issue, a few modifications were made to each technique
as follows.

1) The feedback point is moved from the drains of cross-

coupled transistors to their gates.

2) The new capacitive coupling method, unlike the
conventional two-capacitor-based structure, utilizes an
additional resistor and capacitor in order to be compat-
ible with the dual-tank structure.

3) As a result of incorporating other techniques in
the dual-tank oscillator, its voltage and impedance
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Fig. 3. Proposed unit oscillator core circuit.

response change. Thus, the new characteristics and the
design methodology of the dual-tank oscillator will be
discussed.

The proposed oscillator topology features the following to
improve the phase noise.

1) Using the capacitive coupling mechanism to shift the

injection current to a less sensitive point.

2) Using the intrinsic advantage of the N-core coupled sys-
tem to reduce the phase noise by a factor of 10log;y N
(theoretically).

3) The dual-tank structure minimizes Q degradation caused
by the cross-coupled transistors by separating the voltage
swing control of their drains and gates and reducing their
operation time in the triode region.

4) Using separate transistors for biasing to eliminate the
second-order harmonic voltage that is generated if a
single-transistor bias is used; therefore, minimizing the
noise conversion from the bias transistors to the output.

5) The adaptive biasing feedback path reshapes the tail
current and halves the tail transistor’s noise.

6) The adaptive biasing feedback path changes the behavior
of the cross-coupled transistors, and makes them switch
faster in the equilibrium region.

This paper will progressively describe how the proposed
unit oscillator core utilizes the capacitive coupling to generate
multiple phases while exhibiting excellent phase noise perfor-
mance. Section II will focus on the unit oscillator structure
and provide a brief and intuitive review and explanation of
major characteristics of key techniques. In Section III, the
proposed structure combined with capacitive coupling will be
presented and analyzed. The characteristics of the four coupled
oscillator cores are also modeled by using generalized Adler’s
equation [10]-[12]. The measurement results are presented
in Section IV, and conclusions are drawn in Section V.

II. COUPLED-OSCILLATOR STRUCTURE

A. Proposed Unit Oscillator Core

Fig. 3 illustrates the schematic of the unit oscillator core
without the coupling path. L; and L», which are differential



JIANG et al.: 2.33-GHz, —133-dBc/Hz, AND EIGHT-PHASE OSCILLATOR

inductors, together with C; and C, form the dual-tank struc-
ture; therefore, the voltage swing of the gate and the drain can
be independently adjusted for phase noise optimization. Two
nMOS transistors (i.e., M3 and My) provide bias current, and
facilitate the feedback implementation. This is in contrast to
the conventional single-nMOS transistor current tail. Cr and
R, provide the feedback path, which passes the ac voltage
from the gate of Mi/M> to the gate of M3/My4. Therefore,
it further optimizes the phase noise by modifying the current
of M4 and M3, and improving the ISF of the oscillator. Vpias1
and Vpias provide dc bias for M3/M4 and M1/M;, respectively.
In addition, by adjusting these bias voltages, cross-coupled
transistors would spend less time operating at the triode region,
which improves their noise performance. C; is the capacitor
bank for frequency tuning.

B. Adaptive Biasing Feedback

The feedback mechanism is implemented by replacing the
conventional single-tail transistor with two transistors, and
feeding back the signal from the gate of M{/M, to the gate
of M3/My. Unlike [6], the feedback is not drawn from the
output, where the voltage swing is smaller due to the dual-
tank structure. For the sake of clarity, the behavior of the tail
and the cross-coupled transistors will be discussed separately.

First, let us discuss the tail transistor. In the conven-
tional single-tail biasing scheme, the second-order harmonic
is present at the common-mode node of the cross-coupled
transistors; therefore, the 1/f noise of the tail transistor will
be up-converted to the close-in frequency band of the output
signal. However, in the differential-tail biasing scheme, the
common-mode node is eliminated; therefore, the up-converted
noise from the tail transistors is at low frequencies only, and
the second-order harmonic contributes negligible fluctuation
to the output phase. Furthermore, because of the feedback,
the behavior of tail transistors M3/My4 follows that of their
respective branch transistors M{/M>; i.e., one of the tail
transistors will turn OFF during half of the oscillation cycle.
Therefore, the up-conversion of the 1/f noise from tail transis-
tors is largely suppressed. In other words, the noise modulation
function (NMF) is almost reduced in half, which leads to a
smaller ISFe.

For the cross-coupled transistors, three types of typical
conditions are recognized from their behavior. As shown in
Fig. 4, during one cycle of oscillation, transistor M; will go
through the fully ON to the equilibrium and ultimately to the
fully OFF condition. When the transistor is fully OFF, minimum
noise and no negative transconductance is generated. On the
other hand, when the transistor is fully ON, the degeneration
resistor, which is the output impedance of the tail transis-
tor, can suppress the noise of the cross-coupled transistors.
As shown in Fig. 5, in the differential-tail biasing case, only
one of the tail transistors is ON; as such, the equivalent
degeneration resistor exhibited by the output resistance of
the tail transistor will be doubled and sufficient to attenu-
ate the equivalent noise presented at the gate of the cross-
coupled transistors. During the equilibrium condition, when
both M and M, are ON, the transistors transfer the maximum
amount of noise to the output. Since the feedback will increase
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Fig. 4. Behavior of cross-coupled transistors over oscillator output cycles.
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Fig. 5. Illustration of the current flow when M| is fully turned ON. (a) Single-
tail scheme. (b) Differential-tail biasing scheme. (c) Small-signal model of the
differential-tail biasing scheme.

the current during this transition phase, it might appear that it
would increase both the thermal and the flicker noise; however,
this is not the case. That is because the cross-coupled average
transconductance Gayg, Will be equal to 1/Rp, and the extra
gm generated by the feedback will force M|/M; to switch
faster, and thus spend less time in the equilibrium condition.
Therefore, because of the constant Gy, the increase in the
peak g, due to the feedback will actually reduce the noise.
In fact, the adaptive biasing feedback increases the bias current
when it is needed in order to speed up the transition for
suppression of the noise.

C. Dual-Tank Technique

The dual-tank technique is implemented by adding an
additional tank (L, and C») to the conventional single-LC-
tank oscillator. Thus, the voltage swing at the gate of the
cross-coupled transistors is enhanced. This way, the voltage
swing of the drain can be reduced while maintain a large
voltage swing at the gate. In the conventional single-tank and
cross-coupled oscillator structure, the voltage swing of the
output (drain) follows that of the gate with 180° of phase
difference. Thus, based on the MOSFET saturation condition
(Vgs — Vin < Vps), in the conventional oscillator case, the
cross-coupled transistors will operate in the triode region for
a long period of time. During the operation in the triode
region, the transistors not only contribute a large amount of
noise, but also degrade the quality factor of the tank. That
is because the transistors act like a tunable resistor with a
much lower output resistance which is in parallel with the
tank. One way to reduce the noise degradation caused by
the small output impedance is to reduce the operation time
in the triode region for M; and M,. Owing to the use of
the dual-tank structure, the voltage swing at the gate of the
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Fig. 6. Oscillation frequency and G4 /4 versus Ly for different Cy values.

cross-coupled transistors is enhanced, and can be larger than
that of the drain. This way, the voltage swing of the drain
can be reduced while keeping the voltage swing of the gate
constant. In other words, the operation time in the triode
region is reduced. In addition, according to [7], another way to
interpret Leeson’s equation regarding the relationship between
the output power and phase noise is to treat the phase noise
as the result of the output signal-to-noise (SNR) ratio. In this
case, without considering the biasing transistor, SNR is equal
/u;%ch (W2/2L2) (VGS—dC - Vth)z ngate
over i2 = 4KTy gas+4KTGank,where iy and i, are root-mean
square of drain current and total noise current, respectively,
and Vgye and Genk are the voltage swing of the gate and
the parallel tank conductance, respectively. Therefore, if the
voltage swing at the gate is kept constant, the phase noise
will not be degraded by the reduced drain voltage swing.

The voltage swings of the drain and the gate are a function
of the values of the passive components, which are given
in [7], and reveal that two oscillation frequencies exist in the
dual-tank structure. In order to make the oscillator work at
the desired frequency and condition, the ratio of the voltage
swing of the gate over that of the drain G4 /4 as defined in the
following equation should be sufficiently large:

to the ratio of 15 =

Vaate _ JwoL> _ 1
Varain -~ jooLa + 1/ (jaoCh) (1 _ @)2

Ggra = (1)

(200]

where wr, = «/E/«/LQC , and wq is the desired oscillation
frequency, which is equals to

w():\/v (m:l:,/mz—éln/v) /2 (2)

Ly/Ci+Li/Cy+Ly/Cy, n =

where m =
v=C1Cy.

By tuning the values of Ly and C;, the desired oscillation
frequency and voltage ratio can be obtained. As shown in
Fig. 6, if L, increases, the oscillation frequency will decrease
and Gg,q will increase. On the other hand, if C, decreases,
both the oscillation frequency and Gg4/q will increase.

LiL,, and

III. PROPOSED CAPACITIVE COUPLING
A. Circuit Topology

As mentioned earlier, the capacitive coupling mechanism
is adopted in this paper. However, the manner in which the
capacitive coupling is used in the proposed unit oscillator
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Fig. 7. Schematics of two candidate implementations of capacitive coupling.
(a) Coupling at node Vs ;. (b) Coupling at node Vg ;.

structure should be carefully analyzed in order to maximize the
circuit performance. To properly combine the proposed unit
oscillator core with the capacitive coupling mechanism, two
key points should be kept in mind: first, the capacitive coupling
shall have the least interaction with the dual-tank structure,
and shall not affect the voltage swings on the gate and the
drain of the cross-coupled transistors; second, the signal on
the feedback path shall always be in phase with the output,
and shall not be interrupted by the coupling path in order to
keep the ISF to a minimum.

As shown in Fig. 7, there exist two potential coupling nodes;
ie., Vyy ;j and Vyy j, where j refers to the index number
of the oscillator core. In addition, the coupling at Vyy ; is
through bottom transistors while it is through cross-coupled
transistors for Vi ;.

Fig. 7(a) illustrates the coupling at node Vy+ ;. In order to
create a coupled signal that is comparable in strength to the
signal from the feedback path, the coupled signal is obtained
from the gate of the cross-coupled transistors of the adjacent
core. However, this kind of coupling will directly interrupt the
feedback, and result in phase noise degradation.

Fig. 7(b) shows the coupling at node Vg j, where the
coupled signal is obtained from the output of the adjacent
oscillator core. However, coupling at node Vi ; will also
interrupt the phase at V, ;; therefore, Vi1 ; is no longer in
phase with the output voltage; resulting in the degradation of
the phase noise. Moreover, the coupling strength is a function
of the ratio Cpc/C>, which will affect the Gg/4 of the dual
tank. Therefore, it will create a new trade-off between the
coupling strength and the ratio of the gate voltage over the
drain voltage.

In order to implement capacitive coupling without inter-
rupting the feedback path, the proposed coupling circuit of
Fig. 7(b) is further modified as shown in Fig. 8, where the
two capacitors Ccc and Cpc form the coupling path, and
Rs passes the dc voltage from Vi to M1/M,. Furthermore,
Ccc enables M{/M> to form cross-coupled transistors, which
present the —G,, impedance to the tank, and maintain the
oscillation. In addition, Cpc is the path for the coupling of the
voltage signal from an adjacent oscillator. The coupled signal
is then converted to current by the cross-coupled transistors,
and injected in the tank. The coupling strength factor M is
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defined as M = Cpc/Ccc, which also represents the ratio of
the injected signal to the self-resonance signal.

The proposed coupling structure fulfills our objective in two
ways. First, Ccc prevents direct coupling to the two sides of
inductor Ly; thus, Vi ; remains in phase with the output.
Second, the voltage swing of various nodes in the dual tank is
affected by the total capacitance Ciyo; = Ccc || Cpc; therefore,
the coupling strength and Gg/4 are not interacting with each
other if Ci is a constant. By combining a few of the proposed
unit oscillator cells and using the coupling mechanism, we
arrive at the complete eight-phase oscillator circuit, as shown
in Fig. 9.

Often times, the coupling strength creates a trade-off
between the phase noise and the phase accuracy [2]. In the
proposed structure, this kind of tradeoff exists, as well.
By increasing the coupling strength factor, M, the phase
accuracy will improve; however, the peak of Vgae is shifted
toward the zero-crossing point of the output signal, where it
has the highest noise sensitivity; thus, the phase noise will be
degraded. In order to identify the best trade-off between the
phase noise and the phase accuracy, these parameters were
plotted versus the coupling strength, as shown in Fig. 10.
In order to generate phase error in the simulation, one
percent capacitance mismatch was added to the LC tank.
As M increases from 0.4 to 1.6, the variation of phase error
becomes quite stable for M greater than 1, and the phase noise
continues to increase almost linearly.

B. Analysis of Passive Coupling Paths

The capacitive coupling paths of the proposed multi-
phase oscillator are shown in Fig. 11, where only half
of the differential structure is illustrated to simplify the
analysis. Fig. 11(a) exhibits coupling paths of the oscillator
in Fig. 7(b), while Fig. 11(b) illustrates those of the oscillator
in Fig. 8. Both types of coupling implementations discussed
in Section III-A are shown side-by-side in Fig. 11 in order to
facilitate comparison and provide further details.

As shown in Fig. 11(a), the gate voltage of the cross-coupled
transistors  Vgutet,j, consists of two components: Vouty, .

1403

which comes from its own tank through Cz, and Vouet,j+1,
which is coupled from the adjacent core through Cpc. There-
fore, the gate voltage is equal to

Vaate+,j = (1/ (1 + M)) Gga'Vour+,j+1
+ M/ A+ M))GgaV oy 3

where M = Cpc/C is the coupling strength factor, and G, /4
is the redefined ratio of the gate voltage over the drain voltage,
and is equal to

_ (2)/ (1 — w3 L2Crc)
(2)/ (1 = @} LaCrc) — 2/(C20)

Since the feedback signal is also directly obtained from
Veatet+, j» the voltage on the feedback path is obviously not
in phase with Voue, ;. Therefore, the phase of the current
injected to the bottom transistor will move to a point which is
more sensitive to noise. In addition, based on (3) and (4),
C> and Cpc, which are a function of the dual-tank sys-
tem, determine the coupling strength M; thus, increasing the
design complexity. This leads us to use the proposed structure
in Fig. 11(b).

As shown in Fig. 11(b), the gate voltage is separated from
the feedback, and is still equal to (3); however, the coupling
strength factor M is modified to Cpc/Ccc. The feedback
signal is now obtained from V(¢ ;, which is in phase with the
output voltage Vou,j. Therefore, Gg4/4 in (3) is redefined as
follows:

“)

Ggjar

(%)/(1 - w(%LZCtot)

%)/(1 — w5 L2Crot) — 2/ (Caep)

@M=( &)

where Cyo is equal to Cpc || Ccc. Therefore, C> and Cyo are
only a function of the dual tanks. In other words, if Cio i
a constant, M and G/ are not related, as show in Fig. 12,
where, as M increases, the voltage ratio G /4 of the proposed
capacitive coupling structure is kept mostly constant, while
that of the conventional capacitively coupled structure is
decreasing.

In order to visualize the relationship among G, 4/, oscil-
lation frequency and Cyy the simulated oscillation frequency
and Gg g are plotted as a function of Cyo in Fig. 13, where
it is clear that both G/, and the oscillation frequency of the
tank decrease as Cyo increases.

C. Phase Relationship

As mentioned in [12], the generalized Adler’s equation
is a strong tool for analyzing the coupling effects among
LC oscillators. To begin the analysis, the equivalent model
of the multiphase oscillator is illustrated in Fig. 14, where
itor,; is the sum of self-resonance current /; and the coupled
current /. ;, and their ratio /. j/I; is equal to the coupling
strength factor M. ¢; is the phase of a given tank, and is
expressed as 0; = wqsct + W¥;. Therefore, the differential
equations for phases and amplitudes based on the generalized
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Fig. 9. Schematic of the complete capacitively coupled multiphase oscillator.
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dA 4R
RC=Z2 4 Ay = ——(Io + L,y cos (01—02) (11
) : . dA 4R
Adler’s equation are as follows: RC d[3 +A; = 7(13 + 1.5 cos (6:—63)) (12)
. dA 4R
O _ - 20 Leasin =6 6 RO 4 A= (i + Lcos (03-04) (13)
dt 20 I1 — 1.4 cos (04—01) 4 T
do 1.1 sin (01 —0
@z _ wy + ©0 _ fel sin (61—02) (7) where A; is the voltage amplitude of a given tank. In the
dt 20+ Ic’! cos (61—02) ideal case, since there is no mismatch among oscillators, the
dos = wy + @0 e sin (62-03) (8) tank currents are identical in each core and so are the injected
dt 20 Iz + I 2 cos (02—03) currents. Assuming ¥ is a reference phase, which is zero®,
dos _ oy + 20 I3 sin (03—04) (9) two sets of solutions with a stable condition can be obtained:
dt 0 2Q Iy + 1.3 cos (G3—04) DY =0, ¥ = n/4, Y3 = n/2, and Y4 = 37/4 and
dA 4R D)%Y =0,Y¥Y = -4, ¥ = —xn/2, and ¥4 = —3n/4.
RC dt +A = 7(11 — le.acos (04=01)) (10) By inserting phases in (6)—(13), the oscillator frequencies and



JIANG et al.: 2.33-GHz, —133-dBc/Hz, AND EIGHT-PHASE OSCILLATOR

Fig. 14. Equivalent model of the proposed multiphase oscillator.

amplitudes for both modes are obtained as follows:

wy MV2)2
ml = 14
Om1 +2Q1+M\/_/2 (14)
wy  MV2/2
m - — 15
omz =0 201+ MV2)2 ()
Aml = Az = 4—1(1 — M2)2) (16)
VA

where w1 and w,> are the oscillation frequencies when
Y, = —n/4 and ¥, = =/4, respectively. Equation (16)
reveals that both modes have the same amplitude; however, the
oscillation frequency of one mode is higher than the resonance
frequency of the LC tank, while that of the other mode is lower.
Simulation shows that the proposed oscillator architecture
tends to oscillate at the higher frequency. In contrast to the
quadrature-coupled oscillator, as the number of cores increases
to four in the proposed oscillator architecture, the oscillation
frequencies of the cores approach wy, and the amplitude of the
voltage swing increases. That is because the phase difference
between the injected current and the self-resonance current is
small, and requires the tank to rotate a smaller angle in order
to convert the current to voltage.

The phase error can be analyzed by introducing mismatch
to the tank. Let us assume that the mismatch occurs in the first
tank, and the phase difference among oscillator cores is 7 /4.
By substituting wo with wp— Aw in (6), and setting 8] = wogct,
th = wosct — /4 + Ay, 03 = wosct — /2 + Agps, and
04 = wosct — 37 /4 4+ Ay in (6)—(13), it can be concluded
that Ap, = Ap = Ap;/2 = Agp,/3. Therefore, the phase
deviation due to the tank mismatch can be written as follows:

0 (1+ M cos (w /4))* + % (2sin (7 /4) + M) Aw

Av =~ M(M + cos(z/4)) 0o

A7)

where Ag is also the phase deviation between adjacent cores.

In Fig. 15, Ag versus M with one percent mismatch in the
tank capacitor is plotted, where the phase deviation exhibits
the same trend as in Fig. 10.

D. Phase Noise

The phase noise of the proposed multiphase oscillator can
be analyzed by employing the generalized Adler’s equation.
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In order to obtain a complete expression for the phase noise,
the contribution from both the thermal noise and the transis-
tors’ 1/f noise is taken into account. First, let us introduce
the white noise to the tank by injecting noise current iy,
whose noise power spectral density is 4K7/R and whose
phase is 0, = wosct + Wpt. Consequently, the phases of the
oscillators become 0] = wosct + 91, 0) = wosct — T /4 + 62,
<9g = Wosct — 7r/2 + 93, and 04 = wesct — 3w /4 + 94, where
<91, 92, 93, and 94 are the phase fluctuation due to the injected
noise. To analyze this noise, (6) is modified as follows:

d<91 wy  Ieasin (04—01) + Fin sin (6,—01)
“0 Ziycos (0,—01)

dr 20 I1 — I;4cos (04— 91)+
(13)

By inserting the phases in (6)—(9), and with further simplifi-
cation, we obtain

d_é] o M(cos(n/4)+M)(6 —6)
dt 20+ Mcos(z/a)2 > !
wo T in/1 .

sin wp, t

B EZ 1 4+ M cos(z/4)
wo 7w in/I(M sin(z/4))

20 4 (1 + Mcos(z/4))2 cosant (19)
db, _ o M (cos (w/4) + M)
dr 20 (14 M cos(m/4))? (05 =) (20)
dbs _wo M(cos(n/4)+ M) 4
dr 20 (1 + Mcos(z/4))? 0 — b5) @h
dby o M (cos (/4) + M) A 22)

— = 6, — 0,

dr 20 (1 + M cos(z/4))2 1 = 04).
If only the close-in phase noise is considered when
wm & M (cos(z/4)+ M)/ (1 + M cos(z /4))*, the phase
variation is equal to

80 4 14+ Mcos(z/4) wp
M sin(z/4) .
x { coswyt — ——————sin wy,t
1 4+ M cos(z/4)
wo T Riy 1 Msin(z/4) .

N ————— (coswt — ————sinw,t ).

1+ M cos(x /4)
(23)

§D>

O3~

.SD)

91%
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Therefore, the phase noise contributed by the white noise is
equal to

( M sin(z /4) )2 1

x {1+ :

1 4+ M cos(z /4) (1+ MCOS(7T/4))2
(24)

By repeating the above analysis for both the regenerative and
the coupled noise from the cross-coupled transistors, the ratio
of the spectral densities is obtained as follows:

_ arf £ (m/4)+ M 2
B 14+ Mcos(z/4))"
By combining (22) and (23), the overall phase noise is equal

to
kTR oo \?
Llom =5y F (me)

where the minimum noise factor is

M sin(x /4) 2
1+ Mcos(n/4))

1 cos (w/4)+M 2
ty 1+ M cos(x /4) (1+M(1+MCOS(7T/4)) ) .

27)

Lsw,c

25
Lsw,c (23)

(26)

Fmin:1+(

The graph of the phase noise versus M in Fig. 16 also
illustrates the same trend as the simulation results in Fig. 10.

E. Analysis of Phase Shift

We know that by adding a certain phase shift to the coupling
path, both the phase noise and the phase accuracy can be fur-
ther optimized. Since most publications have focused on two-
core (quadrature) oscillators [12], [13], it is worth providing a
brief analysis on the four-core structure, and comparing it with
the quadrature oscillator. By repeating the above phase noise
and phase accuracy analyses with inserted phase shift, (17)
and (27) are rewritten as (28) and (29), shown at the bottom
of the next page.

From Figs. 17 and 18, the following two major differences
are observed between the proposed four-core and the quadra-
ture oscillators: 1) the optimization of the phase noise and the
phase accuracy of the four-core oscillator is not as effective
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Fig. 18. Plot of phase noise versus phase shift for both the four-core and
the two-core oscillators.

as that of the quadrature oscillator and 2) the most optimum
point is shifted from 90° to approximately 45°. As a matter of
fact, these results are expected, because as the number of cores
increases, the phase of the coupled signal becomes closer to
the phase of the output signal. Therefore, it intrinsically moves
the peak value of the coupled signal to the point which is less
sensitive to noise. On the other hand, if the phase shift moves
from 45° to 90° in a quadrature oscillator, there will be little
improvement in performance. Since the additional phase shift
would increase phase noise, we are not introducing any phase
shift to the coupling paths, nor do we recommend this for the
four-core oscillator design.

F. Design Methodology

Since the proposed structure is modified by adding extra
components and even changing the behavior of the dual tank
in order to make it compatible with each technique employed,
it is worth discussing the justification behind the choice of
some key components from the design perspective.

As mentioned earlier, Rg is added to the critical signal
path to provide the dc voltage to the gate of the cross-
coupled transistors; therefore, its value will directly affect the
noise performance. As shown in Fig. 19, if Rg is so small
and comparable to the impedance of capacitor C; (1 pF) at
2.4 GHz (i.e., 66 Q), it will degrade the phase noise. Once
Rs increases to 2.8 kQ, the phase noise becomes flat and starts
degrading slightly due to the increased thermal noise from Rs.

For the design of the dual-tank oscillator, we have analyzed
three cases with different L1 and L, combinations. As shown
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Fig. 20. Voltage and impedance response of the proposed dual-tank structure.

in Fig. 20, the voltage and impedance responses are plotted
by injecting current to tank, where Z¢y is the real part of the
impedance seen from the output node. In the first case, where
Ly is smaller than L;, the voltage ratio Gg /g is smaller than
the other two cases; therefore, the figure of merit (FoM) can
still be improved. In the third case, where L is larger than L,,
although the simulation shows a better FoM than the second
case, the voltage ratio G4 is exaggerated and there are a few
potential issues. For example, the tank capacitor C; needs to
be much larger in order to keep the same operating frequency,
which will potentially affect the frequency tuning range.
In addition, since the output impedance is higher, the current
must be reduced in order to maintain the voltage swings of
both the gate and the drain. This will force the bottom device
to be smaller; thus, potentially affecting the startup condition.
This will be discussed in the following section. It is also
worth noting that other oscillation modes will be suppressed as
L increases and L, decreases.
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Fig. 22. Equivalent circuit for negative transconductance of the proposed
oscillator architecture.

The overall function and performance of the proposed
oscillator can be verified by looking at the ISF function.
As shown in Fig. 21, compared to the conventional structure
(Fig. 2), the ISF of the proposed structure is largely reduced,
and the effective ISF, which is the product of ISF and NMF,
is close to zero more than three quarters of the time in an
operation cycle.

G. Startup Condition

As a result of the feedback path, the startup condition
is relaxed in the proposed oscillator structure. In order to
illustrate this effect, the equivalent circuit of the active part is
shown in Fig. 22. Since the gate length of the bias transistors
is larger than that of the cross-coupled transistors, only their
output resistance r, is included in the small-signal model for
simplicity. For a single-core oscillator, the negative impedance
seen by the tank is equal to

2 1 gty
gm1 1+ gmaro

which must be smaller or equal to the tank loss R;,. Unlike the
conventional oscillator, where the negative impedance is fixed

(30)

Rstartup =

o (1 + Mcos (z /4 — ) + % (2sin(z/4 — @)+ m) Aw
2

Ap = M(M + cos (z/4 — 9)) @0 28
P (Msin(7t/4—ga))2 M(cos(n/4—¢)+M)2 29)
i 1 4+ M cos(z /4) 1 + M cos(z /4) 1 + M cos(z /4)
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Fig. 24. Die photograph of the proposed four-core oscillator.

and equal to —2/g,,1, in the proposed oscillator architecture,
it is easier to achieve any negative resistance due to the factor
(14 gm1ro)/ (1 + gmaro). In summary, if g, is larger than
gm1, which is the case in the proposed design, the startup
condition will be relaxed. For the general case of multicore
coupling, the signal from both the local core and the coupling
core contributes to the startup. Suppose Vgae is the gate
voltage in a single-core case. As a result, in the multicore
case, the part of the gate voltage originating from the local
core will be Veate,local = Veate (M/ (1 + M)), and that coming
from the coupling core will be Veate inj = Veate (1/ (1 + M)).
As shown in Fig. 23, only the part of Vgate,in; thatis V_gn and
in phase with Vgate 1ocal contributes to the negative impedance,
and the rest contributes to the coupling. Thus, assuming all
oscillator cores are operating at a stable condition V, is equal
0 Viae (HLM + ﬁ cos (m/ N)) and (30) can be rewritten
as follows:

21 M 1
Rstartup=— +&m1o + cos(z/N)). (31
gm1 1+gmaro \1+M 1+M

As shown in Fig. 23, as the number of oscillator cores
increases, the coupling system starts up more easily, because
the coupled signal increases the portion of voltage that is in
phase with the injected output.

IV. MEASUREMENT
The proposed four-core capacitively coupled oscillator is
implemented in a 130-nm CMOS RF SOI process, and the
die photograph is shown in Fig. 24. The oscillator occupies
1.8 x 0.95 mm? of chip area (0.3 x 0.95 mm? each core).
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Fig. 28. Measured phase noise versus frequency for three dc operating points.

Also, the solder bump is used for flip-chip-type mounting on
the PCB.

The phase noise is measured using an Agilent E4440 spec-
trum analyzer with phase noise option and without averaging.
Figs. 25-27 illustrate the measured phase noise at 2.33 GHz
under different dc operating conditions. When the currents
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON
Ref. Process Freq. P.N. Power | FoM® | No. of Active FoM
(GHz) (dBc/Hz) (mW) Phases Area Per
@1 MHz (mm?) Phase”
This 130nm 233 -128.32 16.8 1833 | 8 1.8x 192.3
work | CMOS -133 40 1843 | 8 0.95 193.3
-135.52 102 183 8 192
[14] 65nm 14 -110 15 1812 | 8 0.7x 190.2
CMOS 0.7
[15] 65nm 4.07 -136 126 188 4 0.98 x 194
CMOS 0.38
[16] 65nm 38 1237 7 185 4 1.0x 191
CMOS 035
¢ FoM = 1010g[ 1““”] L(Af). Mper phase = 10log [N ““W] L(AD) ,

where N is the number of the phase.

for each core are 6 mA (0.7 V), 10 mA (1 V), and 17 mA
(1.5 V), the values of phase noise are —128.32, —132.94,
and 135.52 dBc/Hz, respectively at 1-MHz offset. Since two
frequency-tuning bits are implemented in the design, the oper-
ating frequency can be set to 2.22, 2.26, 2.29, and 2.33 GHz.
In addition, Fig. 28 illustrates the phase noise versus operating
frequency for three different dc operating points.

The output waveforms of the proposed four-core oscillator
are measured by a Rohde and Schwarz RTO Digital Oscil-
loscope, which supports simultaneous measurement of four
channels. Fig. 29 exhibits four measured phases, out of eight
phases, of the four-core oscillator, where the other four phases
are the differential counterparts and are not shown. The phase
difference between adjacent outputs, from left to right, are
46.04°, 40.18°, and 47.7°, respectively.

Table I summarizes the performance of the proposed
four-core oscillator and compares it with recent multiphase
clock generation publications.

V. CONCLUSION

This paper presented a novel oscillator architecture with
both the dual-tank and the feedback techniques. Four oscillator
cores are capacitively coupled for multiphase clock generation.
The proposed coupling technique is analyzed with a theoretical
model based on Adler’s equations. The proposed phase noise
reduction method is verified by measurement, where the
ultralow phase noise of —135.52 dBc/Hz at 1-MHz offset from
2.33 GHz is achieved.
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