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Abstract
CMOS Active Inductors and Transformers for Wireless Applications

Adrian Tang, MASc, Program of Electrical and Computer Engineering,

Ryerson University, Toronto, Ontario, Canada. 2008.

This thesis first reviews existing work in CMOS active inductors focusing on
two implementations, Wu gyrator-C and differential floating active inductors. It
then proposes a new method of quantifying the performance of active inductors
by introducing a figure of merit called ”mean quality factor” that is better suited
to the large signal behavior of active inductors. New CMOS constant-) active
inductors are proposed that are intended specifically for applications where a large
signal operation is required. The thesis then proposes CMOS active transformers
that are the active circuit equivalents of two magnetically coupled coils. Four
applications of constant-@) active inductors and active transformers namely a 2.4
GHz voltage-controlled oscillator with -119.5dBc/Hz phase noise at 1 MHz offset,
a 2.4 GHz current-mode phase-locked loop with -116dBc/Hz phase noise at 1 MHZ
offset and 80ns lock time, a 5 MHz 100X oversampled current-mode sigma-delta,
modulator with 50dB dynamic range and 65dB SNR, and a 1.6 GHz QPSK phase
modulator with -101dBc/Hz phase noise at 1 MHz offset are presented.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

In analog circuit design the necessity for fabricating passive components on-chip
remains critical while the direction and evolution of deep sub-micron CMOS
technology continues to be influenced mostly by digitally oriented applications.
For this reason special mixed-mode CMOS layers are often employed for the
implementation of passive elements such as the CTM metal-to-metal capacitor
layer and the low-silicide poly options to implement large valued resistors. One
of the more challenging passive elements to implement in CMOS technology are
inductors. Inductors are typically constructed on-chip for RF applications and
employ a planar spiral structure using the top metal layer. These spiral inductors
appear in a variety of geometries including stacked spiral inductors, which contain
windings stacked on multiple metal layers to provide a larger inductance than is
possible with a single planar spiral structure. CMOS spiral inductors have found
a broad range of applications in analog signal processing and RF systems. The
effectiveness of these inductors, however, is affected by a number of drawbacks
that are intrinsic to their spiral layout and CMOS technologies. These drawbacks
include a low quality factor due to the skin-effect induced ohmic loss, a low self-
resonant frequency due to the large parasitic capacitance with the substrate, a

small and non-tunable inductance due to the planner structure of these inductors,



and the need for a prohibitively large chip area. More recently, CMOS on-chip
transformers have appeared in which two spiral or stacked inductors are placed
in a configuration that permits magnetic coupling. The use of CMOS spiral
transformers for RF applications in power amplifiers and VCOs have emerged
recently.[1, 2, 3, 4, 5, 6, 7, 8, 9]. The intrinsic deficiencies of spiral inductors,

however, are inherited by these on-chip spiral transformers.

Figure 1.1: (a) 8 nH Spiral inductor. (b) An equivalent 8 nH active inductor.

Active inductors that are synthesized using active devices offer many unique
advantages over their passive spiral counterparts including virtually no silicon
area requirement, a large and variable inductance, a tunable quality factor, and
full compatibility with digitally oriented CMOS technologies. These inductors

have been used successfully in many applications where inductors are required,




such as SONET OC-48 optical receivers with 3GHz bandwidth [10], 2.5Gbps
optical front-ends [11], VCOs for 4Gbps clock and data recovery [12], 5 GHz
VCOs with -81 dBc/Hz phase noise at 500kHz offset [13], low-noise amplifiers
with 1 GHz bandwidth and 2~3 dB noise figure [14], optical pre-amplifiers [15],
and Gbps serial links [16], to name a few. Active inductors however still have
several limitations including a higher level of noise associated with active devices
and increased distortion due to their limited dynamic range. Active inductors
also exhibit higher levels of power consumption then their passive counterparts.
The purpose of this thesis is to improve the distortion and noise performance of

CMOS active inductors to a level comparable with that of spiral inductors.

1.2 Contributions

The work in this thesis has made the following contribution in active inductors,

specifically:

A new figure-of-merit called "mean quality factor” is introduced to take

into account the large signal behavior of active inductors.

A new constant-@ active inductor, that offers the advantage of a large and

nearly constant quality factor in the presence of a large signal swing.

CMOS active transformers are proposed.

High-speed phase-lock loops employing CMOS active transformers and constant-
Q active inductor CCOs that provide phase noise comparable to that of
phase-locked loops with spiral inductors, tunability and locking perfor-

mance while occupying only a small silicon area.



e A new sigma-delta modulator employing CMOS active transformers to pro-
vide an SNR performance comparable to that of sigma-delta modulators

with a passive loop filter while occupying a much smaller silicon area.

e A new active transformer-based QPSK phase modulator that exhibits phase
noise comparable to that of QPSK modulators with spiral inductors, and

optimizes carrier bandwidth, while occupying only a small silicon area.

The work presented in this thesis has also led to the following publications:

A. Tang, F. Yuan, and K.L.E. Law,, “A new CMOS QPSK modulator with
optimal transaction bandwidth control,“ IEEE Transactions on Circuits

and Systems II, Vol 55. No. 1, pp. 11-15 Jan 2008.

e D. DiClemente, F. Yuan, and A. Tang, “Current-mode phase—locked loops
with CMOS active transformers,“ IEEE Transactions on Circuits and Sys-

tems II, Accepted for publication in Jan 2008.

e A. Tang, F. Yuan, and K.L.E. Law,, “Class AB CMOS active transformers
with applications in LC oscillators,“ Proc. Int. Symp. on Circuits, Systems

and Electronics, pp. 501-504, Montreal. Aug 2007.

e A. Tang, F. Yuan, and K.L.E. Law,, “Low-noise CMOS active transformer
voltage-controlled oscillators,“ Proc. IEEE MWSCAS, pp. 1441-1444,
Montreal. Aug 2007.

e D. DiClemente, F. Yuan, and A. Tang, “CMOS active transformer current-
mode phase-locked loops,“ Proc. IEEE MWSCAS, pp. 1528-1531, Mon-
treal. Aug 2007.



A. Tang, F. Yuan, and K.L.E. Law,, “A New WiMAX Sigma-Delta Modu-
lator with Constant-Q Active Inductors,“ Proc. IEEE International Sym-
posium Clircuits and Systems 2008, Accepted for publication in Jan. 2008.
Seattle.

A. Tang, F. Yuan, and K.L.E. Law,, “A new CMOS BPSK modulator with
optimal transaction bandwidth control,“ IEEE Int. Symp. Circuits and
Systems, pp 2550-2553, New Orleans. May 2007.

A. Tang, F. Yuan, and K.L.E. Law,, “3-5 GHz Active Inductor Oversam-
pling Sigma Delta Modulator for WiMAX Applications,” CMC Microsys-
tems Symposium 2007 Ottawa Ontario. Oct. 2007.

A. Tang, F. Yuan, and K.L.E. Law,, “CMOS binary phase modulator with
active transformers,” CMC Microsystems Symposium 2006 Ottawa Ontario.

Nov. 2007.

A. Tang, F. Yuan, and K.L.E. Law,, “A Low Phase-Noise Current-Mode
Phase-Locked Loop with Constant-Q Active Inductor CCO and Active

Transformer Loop Filter,” Analog Integrated Circuits and Signal Processing.

Revised in March 2008.

A. Tang, F. Yuan, and K.L.E. Law,, “A new constant-Q active inductor
with applications in low-noise oscillator,” Analog Integrated Circuits and

Signal Processing. Submitted in Jan 2008.

A. Tang, F. Yuan, and K.L.E. Law,, “CMOS active transformers and ap-
plications,” Analog Integrated Circuits and Signal Processing. Submitted

in July 2007.




1.3 Organization

The basic characteristics of ideal and on-chip spiral inductors, spiral transformers
and published work on active inductors in particular, the Wu gyrator-C active
inductor, and differential active inductor are briefly reviewed in chapter 2. A new
method of quantifying the performance of active inductors with a figure-of-merit
called "mean quality factor” and CMOS constant-@ active inductors are proposed
in chapter 3. CMOS active transformers are proposed in chapter 4. Four appli-
cations are presented in chapter 5, including a 2.4 GHz VCO with -119.5dBc/Hz
phase noise, a 2.4 GHz current-mode phase-lock loop with -116dBc/Hz phase
noise and 80ns lock time, a 5 MHz 100X oversampled current-mode éigma—delta
modulator with 50dB dynamic range and 65dB SNR, and a 1.6 GHz QPSK phase
modulator with -101dBc/Hz phase noise. The thesis is concluded and future work

is commented on in chapter 6.



CHAPTER 2

LITERATURE REVIEW

2.1 A Review of Ideal and Spiral Inductors

Figure 2.1: Ideal inductor.

Fig.2.1 shows the symbol of an ideal inductor with inductance L. The voltage V7,
is related to the current Iy, by Vz, = L‘-%If. In the sinusoidal steady state this can
be expressed as vy = jwLiy. The Bodé plots of the ideal inductor are shown in

Fig.2.2.

A
|ZGo)| 20dB/dec.
0 >,
A
90°
Loy O >
-90°
v

Figure 2.2: Bodé plot of ideal inductors.

Currently the best on-chip implementation of inductors are spiral inductors




that employ a planar spiral structure using the top metal layer. The top metal
layer is chosen to maximize the distance from the substrate, minimizing the
parasitic shunt capacitance. Spiral inductors also contain a small inter-winding
capacitance because of their planar structure, and a series resistance due to skin
effect-induced losses and the sheet resistance of the metal layer itself. Fig.2.3
shows the lumped circuit model of CMOS spiral inductors[17]. In this model L
is the effective inductance, R, models the losses due to the close proximity of
the substrate, Rinq models the ohmic losses due to the skin effect and sheet
resistance, Cgup1 and Cgupe model the capacitance to the substrate, and Cying
models the inter-winding capacitance.

Cind
I
||

o—4+ AT L o

R yind L
Csub2 == == Csub2

Csubi I Rup Rsubl Csubl

Figure 2.3: Lumped equivalent circuit of CMOS spiral inductors.

Fig.2.4 shows the Bodé plot for the spiral inductor model. The impedance
contribution from Cy;pg is small compared with that from Cyy,, and can be ne-
glected. As Ry,g is dominated by the skin effect loss its contribution to the
impedance remains small at low frequencies, allowing the spiral to follow the be-
havior of the ideal inductor in the low frequency range. The spiral self resonates
with the parasitic capacitances at frequency w, , and beyond this frequency range
provides a capacitive behavior as the poles generated by Cip; and Cyupe dominate

the impedance.
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Figure 2.4: Bodé plots of CMOS spiral inductors.

2.2 Ideal Linear Transformers

Figure 2.5: Symbol of ideal linear transformers.

An ideal linear transformer with its symbol shown in Fig.2.5 consists of a
primary winding and a secondary winding, both wound on the same magnetic
core. Each winding itself is an inductor. The magnetic core allows the magnetic
flux of the two inductors to be shared, enabling a current passing through one
winding to affect the voltage of the other. In the frequency domain the terminal

voltages of linear transformers are quantified by

Vi = sLi I + sMiqls,
Vo = sLooly + sMoi I,

(2.1)




where Lq; and Loy are the self-inductance of the primary and that of the secondary
windings, respectively, My; and M, are the mutual inductance from the primary
winding to the secondary winding and that from the secondary winding to the
primary winding, respectively, V; and I;, V, and I, are the voltage and current
of the primary and those of the secondary windings, respectively. The mutual

inductance Ms; can also be expressed in terms of a coupling coefficient Ko;

M21 == Kgl (Lll)(L22)- (22)

Similarly M, is given by

M12 = K12 V (Lll)(L22)- . (23)

CMOS spiral transformers inherit the same self-resonance and ohmic loss
characteristics of spiral inductors when implemented in CMOS technology due to
their planar structure and proximity to the substrate. Fig.2.6 shows the lumped
equivalent circuit model commonly used for spiral transformers. In this model L,
and Lo are the self-inductances, Ry is the loss due to the close proximity with
the substrate, Ruyindi and Ruying2 model the ohmic losses due to the skin effect and
sheet resistance of the primary and secondary windings respectively, Csyup and
Csupe model the capacitances to the substrate, Cying1 and Cyinge model the inter-
winding capacitances, C models the capacitance between primary and secondary
windings, M, and My; model the mutual inductances, and R.i2 and R.p; model
the coupling losses of the transformer. The Bodé plots of the transimpedance of

the spiral transformer are the same as those for the impedance of spiral inductors

10



given in Fig.2.4.

C
IL
]
i Re21 ip
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Ry i <:> < R yi
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Cou1 Rsub 7, Yy S 0 i % ubl Rsub
o B )
Coub2 —— Csub2 —_1
Rsup Rsub

CsubJJ__
L

Csublf
L

Figure 2.6: Lumped equivalent circuit of spiral transformers.
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2.3 Quality Factor of Inductors

Quality factor is a parameter that describes the behavior of RLC circuits and
can be computed using several definitions. For band-pass filters, the definition
of quality factor QQgpr relates the half-power bandwidth wssp to the center fre-

quency w, of the filter,

Wo

Qppr = (2.4)

W3dB
This definition does not apply to situations where a bandpass characteristic is

not present. In these situations the quality factor @) is defined as

Estored
_ stored 2.5
Q Edissipated ( )

where Ejsioreq and Egissipated are the energy stored and dissipated per cycle. For

a passive circuit with input impedance Z(jw) this can be expressed as

_ Im[Z(jw)]

©= RelZGw)]’

(2.6)
where Im[ | and Re[ | denote the mathematical operation of extracting the imagi-
nary and real components of an expression respectively. Applying this expression
to a non ideal-inductor with a series resistance R, and inductance L, the @ of

the inductor can be given by

12



wlL
R,

Qind = (27)

In applications where the phase selectivity of the circuit is most important
such as oscillators where the phase sensitivity affects phase noise performance,
the quality factor is usually expressed as the rate of the change of phase ¢(jw)
with respect to frequency|[17]

2.4 Gyfator-C Configuration Active Inductors

The most common configuration of active inductors is the gyrator-C configura-
tion, which consists of two trans-conductors known as gyrators connected back-

to-back with a capacitive load, as shown in Fig.2.7.

1
o gm2

gm1

A Y

Figure 2.7: Gyrator-C active inductors.

With ideal gyrators whose input impedance assumed to be infinite we can

obtain the KCL expressions at nodes 1 and 2

13




—ILip — gmiVo + GoVi + sCoVy = 0
—gm2V1 + G1Va + sC1V, = 0.

(2.9)

where V; and V5 are the voltages at nodes 1 and 2 respectively and I;, is the cur-
rent entering the port at node 1. Isolating % in (2.9) we obtain the conductance

at the port of the active inductor,

Iin 1
=Gt Gt T — (2.10)

Im19m2 Im19m?2

The passive circuit shown in Fig.2.8 has an input of conductance

I 1
7= sC+G+ TR | (2.11)
(e,
R
R,,Z c=—=
L

Figure 2.8: Equivalent circuit of single-ended gyrator-C active inductors.

Noting the similar structure of (2.10) and (2.11), we can equate the circuit

parameters and obtain an equivalent circuit,

14



R,,=GL2,

C= 027
i (2.12)
Rs = gmigmz2’
L=-—9_,
Im1gm2

Assuming that R, >> Rs and considering the impedance of the active in-
ductor in terms of the equivalent circuit parameters we can invert (2.11) and

obtain

R, sg +1
Z(s) = : . 2.13
() Col s + s(ghe + ) + B 219

Extracting the poles of the input impedance provides the resonant frequency
located at w, ~ Té:f Z(s), the input impedance also contains a zero at wy; = %i,
providing the lower bound for the frequency range of the active inductor. This
suggests the input impedance is resistive for w < w,, inductive for w, < w < w,
and capacitive for frequencies w > w,. Fig.2.9 shows the Bodé plots of the input
impedance of the active inductor with the resistive, inductive, and capacitive

regions identified.
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Figure 2.9: Bodé plot of the input impedance of gyrator-C active inductors.
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2.5 Wu Active Inductors

Figure 2.10: Wu current reuse active inductors. (a) PMOS and (b) NMOS con-
figurations shown. Circuit parameters for simulation: W; = 30um, Wo = 30um,
L = 0.18um for all transistors.

One of the widely used active inductors are the Wu current reuse active in-
ductors [18] shown in Fig.2.10 with both PMOS and NMOS configurations. Wu
active inductors are of gyrator-C configuration and employ a common source am-
plifier M1 and common gate amplifier M2 to form trans-conductors, and rely on
the intrinsic gate to source capacitance of MOS devices to form the capacitive
load. Current source J, boosts the trans-conductance of the common source stage
to increase the quality factor of the active inductor. Fig.2.11 shows the small sig-
nal equivalent circuit of the Wu active inductor. Writing the KCL expressions at

nodes 1 and 2 we obtain

Iin = go?(‘/l - ‘/2) + gol‘/l + gm2‘/1 + gm1‘/2 + %30g52a (214)
0= goa(Va — V1) — gmaV1 + sCys1 Va.

Again isolating % and using (2.10), the gyrator-C equivalent circuit param-

. c
eters for Wu inductors can be found: C' = Cy, R, = L[ = = 5pd
gm2 Im19m2

R, = %2%' Extracting the self resonant frequency of Wu active inductors from

17




<—°<(

9o1

Figure 2.11: Small signal equivalent circuit of Wu active inductors.

these parameters we obtain w, = ’cgﬁgc:ng_:z' The simulated inductance of Wu ac-
tive inductors is shown in Fig.2.12. As both transistors are biased in saturation
with identical dimensions and biasing, Cgs1 = Cys2 = Cys, gm1 = Im2 = Im;
Jo1 = Jo2 = go can be assumed. Using the equivalent circuit parameters we can

find the input impedance of the Wu active inductor from (2.13),

Cys
o 8';%‘4‘1

Zin(8) (2.15)

02 24 gdm 4
gs S "‘chs‘*”o;s

2.6 Differential Active Inductors

Unlike Wu current reuse active inductors, differential active inductors do not
have one terminal of the inductor connected to ground or the supply. Instead,
differential active inductors provide two terminal inductors with both terminals
accessible as shown in Fig.2.13. Differential active inductors employ current
source-loaded differential pairs to form the trans-condutors and rely on the gate

to source capacitance of the input pair to provide the capacitive load. Fig.2.14

18
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Figure 2.12: Simulated inductance of NMOS Wu current reuse active inductors.

shows the simulated inductance of the differential active inductor in Fig.2.13.

Figure 2.13: Differential active inductors. Circuit parameters : W; = 100um,
Wy = 100pm, W3 = 30pm, Wy = 30pum, W5 = 60um, Wg = 100um,
Wy = 100pum, Ws = 30um, Wy = 30um, Wiy = 60pum, L = 0.18um for all
transistors.
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Figure 2.14: Inductance of differential floating active inductors.
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CHAPTER 3

CONSTANT-Q ACTIVE INDUCTORS

3.1 Mean Quality Factor

Figure 3.1: Wu current reuse active inductors. (a) PMOS and (b) NMOS con-
figurations shown. Circuit parameters for simulation: W; = 30um, Wy = 30um,
L = 0.18um for all transistors.

In this section, a new quantity called mean quality factor is introduced to
quantify the quality factor of active inductors. Fig.3.1 shows the schematic of
the well-known Wu’s active inductors [18, 20]. It was shown earlier that the

parameters of the RLC equivalent circuit of Wu’s active inductor are given by

1 o1 + .
Cp=0Cys2, Ry=—, L = Coor ,and R, = M The inductance L, the

Im2 Im19m2 Im19m2
parasitic series resistance R, and parasitic parallel resistance R, are functions of

9gm1 and gpa, which are determined by the channel current of M1 and M2. The
quality factor given by [21]




ﬁ.Ii) [1
Rs/ Ry + R [1+ (4] L

R, _RG,

—=L _JLC, (3.1)

Q=

is also greatly affected by g1 and gme. The channel current of M2, which de-
termines g,,» and is given by Ji + I;,, is greatly affected by the input current
I;,, especially when I, is large. As a result, both the inductance and quality
factor of the active inductor are strong functions of input current swing. This is
evident in Fig.3.2 where the instantaneous quality factor of Wu’s active inductor
is evaluated at 2.4 GHz using the definition of the quality factor of LC tanks

given in (2.8) at each level of the current of the active inductor.

The quality factor of a LC tank with a passive inductor is given by ka;; \/gp .
When the LC tank is placed in a LC oscillator, the quality factor of the oscilla-
tor is independent of the current of the inductor. Unlike passive LC tanks, the
quality factor of active inductors varies with the swing of their signals. The fact
that the instantaneous quality factor of active inductors varies with their signal
swing suggests that this instantaneous quality factor can not be used as a mea-
sure to quantify the performance of LC oscillators employing active inductors.

We introduce the mean quality factor of active inductors defined as

Imaw

1
Qm(w =-——-——-/ Q(wo, J)dJ. 3.2
m( O) (Ima:l: - Imin) Lnin ( ? ) ’ ( )
where I, and I,,., are the minimum and maximum input currents of the active
inductor, Q(w,,J) is the instantaneous quality factor of the active inductor at
frequency w,, and J is the input current, as a measure to quantify the performance

of oscillators with active inductors.
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Figure 3.2: Dependence of the quality factor of Wu'’s active inductors on its input
current at 2.4 GHz.

3.2 Constant-Q Active Inductors

In this section CMOS Constant-Q) active inductors which provide a nearly con-
stant Q with the presence of a large input signal swing are presented. Constant-
@ active inductors have evolved from Wu’s original gyrator-C active inductor
shown in Fig.3.3a. Fig.3.3b shows the schematic of the proposed constant-Q
active inductor consisting of a Wu’s active inductor and a current feedback
network. Transistor M3 mirrors the current of M2, i.e. ip3 = ips. Current
source J; is set to the maximum input current swing i, mqz, Which results in
tpa = linmez — ip2. Current mirrors M4-Mb5 and M6-M7 have a unity current

gain such that ¢p7 = I mae —%p2- M7 injects the negative feedback current ip7 to
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