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Resonant-Inductive Degeneration for Manifold
Improvement of Phase Noise in Bipolar

L.C-Oscillators

Aleksandar Tasi¢, Wouter A. Serdijn, and John R. Long

Abstract—Resonant-inductive degeneration of bias current
source is described in this paper as a method for a manifold im-
provement of phase noise in inductance—capacitance (LC) voltage-
controlled oscillators. For the verification of this phase-noise
reduction method, a test bipolar LC-oscillator has been designed
using a phase-noise model obtained from the spectral noise anal-
ysis. By forming a resonance at twice the oscillation frequency in
the emitter of the bias current source transistor, phase noise of the
LC-oscillator is improved by 6 dB. Phase noise of —112 dBc¢/Hz at
1 MHz offset from a 5.7 GHz-band carrier has been realized using
oscillator with resonant-inductive degeneration, while drawing
4.8 mA from a 2.2 V supply. The test oscillator achieves a fre-
quency tuning range of 600 MHz, between 5.45-6.05 GHz.

Index Terms—Noise factor, noise folding, phase noise, resonant-
inductive degeneration, small-signal loop gain, voltage-controlled
oscillator (VCO)

I. INTRODUCTION

N HIGH-PERFORMANCE oscillator circuits, the con-
I tribution of the bias current source noise to the phase
noise may be larger than all other noise contributions put
together (i.e., inductance—capacitance (LC)-tank noise and
transconductor noise). In particular, converted to the resonator
by limiting in the gain stage of the LC voltage-controlled
oscillator (VCO), the bias current source noise around twice
the oscillation frequency has the largest contribution to phase
noise around the fundamental.

Therefore, the noise-optimization procedure proposed in this
paper is focused on reducing noise generated by the bias cur-
rent source at twice the oscillation frequency 2 fy. Resonating a
degeneration inductor in the emitter lead of the bias transistor
with its base-emitter capacitance at 2 f; effectively reduces its
output noise that would otherwise be converted into phase noise
by hard switching of the oscillator transconductor. We call this
“resonant-inductive degeneration” (RID) [1]. It is suitable for
low-voltage applications, as it requires no DC voltage head-
room. Being in the low-nH range, the resonated bias inductor
occupies a relatively small chip area when fabricated using the
multiple layers of metal available in modern silicon VLSI tech-
nologies. Most importantly, it allows for a manifold phase-noise
improvement in LC-oscillators.
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The design procedure of the bipolar oscillator with resonant-
inductive degeneration is based on the phase-noise model ob-
tained from the spectral noise analysis [2], [3]. This phase-noise
model is amenable for design as it describes the noise perfor-
mance of LC-VCOs qualitatively and quantitatively using elec-
trical circuit parameters.

Two bipolar oscillator designs are presented in this paper
for the verification of the phase-noise reduction method pro-
posed: one with resonant-inductive degeneration and another
without it. At 1 MHz offset from a 5.7 GHz-band carrier (i.e.,
the upper 802.11a/HIPERLAN/802.16a band [4]-[6]), the os-
cillator with resonant-inductive degeneration achieves a phase
noise of —112 dBc/Hz, while dissipating 10.6 mW. This is a
6 dB improvement in phase noise compared to the LC-VCO that
does not use resonant-inductive degeneration in the bias current
source. Hence, the RID improves noise performance sufficiently
to satisfy the phase-noise requirements of 802.11a/HiperLAN/
802.16a standards.

This paper is organized as follows. Contributions of all noise
sources to the phase noise of bipolar LC-oscillators are briefly
reviewed in Section II, and the noise factors of the LC-tank,
transconductor (g,,,-cell), and bias current source are formu-
lated. Section III details on the application of the phase-noise
model used to improve phase noise in bipolar LC-oscillators
by means of resonant-inductive degeneration. Results achieved
from the resonant-inductive degeneration method are compared
with other bias-current source noise reduction techniques in
Section IV. Oscillator circuit parameters and experimental
results are presented in Section V, confirming the validity of
the noise reduction method proposed. Section VI concludes
this paper.

II. PHASE-NOISE MODEL OF BIPOLAR LC-OSCILLATORS

The VCO shown in Fig. 1 is used for phase-noise analysis of
bipolar LC-oscillators. It consists of a resonant LC tank, a capac-
itive voltage divider (C4,Cp), and a cross-coupled transcon-
ductance amplifier (Q1, Q2). The bias current source provides
current ITa1r,. L is the tank inductance, C' the tank capacitance,
Grk(1/Rri) the effective tank conductance.

Noise sources of the oscillator under consideration are also
shown in Fig. 1. These are the tank-conductance current noise
(symbol i and rms value i]y'(GTI() = V2KTG7g), the
base-resistance (rp) thermal noise (symbol vp and rms value
vn(rg) = V2KTrp), the collector-current (I) shot noise
(symbol ic and rms value in(Ic) = /KTy,,), the base-
current (/) shot noise (symbol ig and rms value in(Ip) =
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Fig. 1. Bipolar LC-VCO and its main noise sources (bias not completed).

v/ KTgm/B), and the equivalent output current noise (symbol
ipcs and rms value iy (Ics)) of the current source transistor

Qcs. T is the absolute temperature, K Boltmann’s constant,
and [ the current gain factor.

A. Noise Factor and Phase Noise of Bipolar LC-Oscillators

The contributions of the oscillator noise source to the phase
noise are reviewed in this section [2], [3]. Noise factors of the
LC-tank loss conductance, g,,-cell collector-current shot noise
and base-resistance thermal noise, and bias current source
noise are formulated. Finally, the phase-noise model is given,
accounting for all the noise contributions.

If we relate the contribution of each noise source ns (prior to
shaping by the LC-tank band-pass characteristic) to phase noise
L(ns) by a noise factor, F(ns) = viL(ns)/AKTGrk, we
obtain the noise factor of the LC-tank [2], [3] (i.e., its parallel
loss resistance Ry = 1/Grk)

F(Rri) = 1. (1)

vg stands for the voltage swing across the LC-tank.

Taking into account the contributions of the collector-current
shot-noise sources from both transconductor transistors, a noise
factor F'(2I¢) is obtained [2], [3]

n

FQ2lc) =5 2)

where n stands for the capacitive divider ration = 1 + (C4 +
Cr)/Cg, C;, being a base-emitter capacitor of the g,,-cell tran-
sistors. This result suggests that the phase-noise contribution of
the g,,-cell collector-current shot-noise is independent of the
small-signal loop gain and power consumption, but depends on
n only.

The base-resistance thermal noise vy (rp) components
at around odd multiples of resonant frequency fold to the
resonator via the even-order harmonic components of the
small-signal time-varying gain of the g,,-cell [2], [3]. Taking
into account both transistors of the g,,-cell, the total base-re-
sistance phase-noise contribution is given by a noise factor
F(2rp) of (3) [21, [3]

F(2rg) = %nkc 3
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where ¢ = rpgm—_sup is the start-up constant, ¢,,_syp =
2nGry the start-up transconductance of the g,,-cell transis-
tors, k = g /(2nGrx ) the small-signal loop gain, and g,,, the
transconductance of bipolar transistors ()1, Q2.

This result suggests that the contribution of the g,,-cell base-
resistance noise to the phase noise of the oscillator under con-
sideration is directly proportional to the small-signal loop gain &
(thus power consumption) and the parameters n and c, the latter
relating the base resistance of the transconductor transistors and
the quality of the resonator.

Folding of the bias current source noise is a result of operation
of the g,,,-cell in the limiting region (i.e., a result of a large oscil-
lation signal generated). The transconductor switching function
converts the bias current source noise from around even multi-
ples of the oscillation frequency back to the LC-tank at around
the oscillation frequency fjy.

The resulting noise factor of the bias current source F'(Ipcs)
is given as follows [2], [3]:

F(Ipcs) = k (g + nkc) . @)

Without loss of generality, we have used for a bias current
source transistor transconductance g,, cs = 2¢,, and assumed
2rg,cs = rpg, given the same transit frequencies (fr) of
transistors 1, Q2 and Qcs (thus, Qcs twice as large as
Q1,Q- is assumed). Index g refers to bias current source
transistor Q¢s.

Assumed to be uncorrelated, all noise sources, viz., the tank
conductance noise, the transconductor base resistance thermal
noise and current shot noise, and the bias current source noise,
add up to an equivalent phase-modulating noise component.
With the aid of (1)—(4), the noise factor of the bipolar LC-os-
cillator now becomes as given by (5) and (6)

F=1+(1+k)g+<§+k>nkc. )

The oscillator phase noise defined as the ratio of the noise
power in a 1 Hz bandwidth at frequency fy + A and the carrier
power at frequency fo now reads [2], [3], [7]

AKTGrgF
’Ugv (47TCTOTA>2
F(RTK) + F(2lc) + F(Z’I"B) + F(IBCS)

’U?g (47I'CTOTA)2

L=

= AKTGrg

@)
where C'ror for the total capacitance across the LC-tank. Sub-
stituting (6) into (7), the phase noise finally becomes [2], [3]
AKTGry < ™ >2 1+ (1+ k)% + (3 + k) nke

L= ——" """ | —
(47TCTOTA)2 SVT k'2n2

®)

where we have used vg = 8 knV /7 [2], with V7 being bipolar
transistor thermal voltage.

The result obtained is a fundamental description of the phase-
noise phenomenon in the LC-oscillator under consideration. The
model developed doesn’t require use of numerical solvers, yet
providing oscillator designers with a valuable tool for analysis
and synthesis of high-performance oscillators.
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The phase-noise model is parameterized with respect to cur-
rent consumption via the small-signal loop gain & [2] that can
be varied by Ia1r, shown in Fig. 1. Parameter £ also defines the
excess negative conductance necessary to compensate the losses
in the LC-tank (i.e., Grx).

It is important to note that (6) is the worst-case noise factor
of the bipolar oscillator under consideration, thereby overesti-
mating its phase noise as given by (8). The small-signal loop-
gain related contributions, viz., the base-resistance noise con-
tribution of the transconductor, (3), and the base-resistance and
collector-current noise contributions of the bias current source,
(4), are calculated implicitly assuming infinite bandwidth of
both the noise sources and the operation of the oscillator de-
vices. However, the results obtained are intuitive and describe
qualitatively the rather complex phase-noise generating mecha-
nism in LC-oscillators. The formulations derived are amenable
for design as they describe the oscillator phase-nose perfor-
mance using electrical parameters.

B. Implications of the Phase-Noise Model on
Oscillator Design

To compare the contribution of the bias current source noise
and other noise sources to phase noise of oscillators, we intro-
duce the phase-noise ratio (PNR). It is the ratio of phase noise of
oscillators with and without the contribution of the bias current
source noise. For a bipolar LC-VCO shown in Fig. 1, the PNR
is given by (9)

F(RTK> + F(2lc) + F(?TB) + F(IBCS>
F(RTK) + F(ch) + F(ZTB)
k(%—l—nkc) F(2IC72T’B)

1y 2 TP gy TAOETE)
1—|—%—|—%nkc 14+ F(2I¢c,2rp)

PNR =

€))

where F'(2I¢, 2rp) is the noise factor of the g,,-cell. Equation
(9) shows that failing to suppress the noise contribution of the
bias current source (BCS) to the phase noise, a factor in the
order of k degraded performance results. For example, for a
typical small-signal loop gain of k£ ~ 10, calculations suggest a
degradation of the phase noise of ~10 dB due to the contribution
of the bias current source noise, even for a high-quality LC-tank
designed.

To confirm these findings, the oscillator shown in Fig. 1
is simulated using SpectreRF with the following parame-
ters (extracted from the layout [1]): oscillation frequency
fo ~5.74 GHz, tank resistance Rrx ~ 340 €, capacitive
divider ratio n ~ 1.6, start-up constant ¢ ~ 0.25, supply
voltage Voo = 2.2 V.

The PNR of (9) is compared with the simulation results as
shown in Fig. 2, taking into account the relationship between
the calculated and simulated small-signal loop gain. At the max-
imum small-signal loop gain of around 10, the noise from the
BCS degrades the phase noise of the oscillator under considera-
tion by 8.2 dB in the simulations (8.7 dB calculated), as already
presumed. The overwhelming contribution of the BCS noise to
the phase noise is also visualized in Fig. 3. For a small-signal
loop gain of around 10, the bias current source noise accounts
for around 85%, the g,,-cell noise for around 10%, and the
LC-tank noise for 5% of the phase-related noise power. The
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Fig. 2. Calculated versus simulated phase-noise ratio for a bipolar LC-oscil-
lator.
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Fig. 3. Simulated bipolar LC-oscillator phase-noise contributions, normalized
to 100%.

noise sources considered account for around 90% of the total
phase noise, as obtained from the simulations.

III. RESONANT-INDUCTIVE DEGENERATION

It has been shown in the previous section that the contribution
of noise from the bias current source to the phase noise of the
LC-oscillator considered is larger than all other noise contribu-
tions combined. In particular, the BCS noise around twice the
oscillation frequency has the largest contribution [1].

We introduce resonant-inductive degeneration [1] as a design
procedure to minimize the noise contribution of the oscillator
bias current source. It relies on forming a resonance between the
inductor (Lgrp) in the emitter of the bias current source tran-
sistor QQ¢s and its base-emitter capacitance C cs at twice the
oscillation frequency 2 fy, as shown in Fig. 4(a). The fact that the
bias current source noise around 2 fj, has the largest contribution
to the phase noise of the oscillator, after being converted to the
resonating LC-tank by the switching of transconductor Q1-Q2
(see Fig. 1), stems for the resonant frequency chosen.

The resonant-inductive degeneration results in reduction of
the contributions of the base-resistance thermal noise and col-
lector-current shot noise of the BCS to the oscillator phase noise.
The high impedance in the emitter of () s at resonance reduces
its transconductance and accordingly the gain from its base-re-
sistance thermal noise to the output, and impedes the flow of its
collector-current shot noise, making these noise contributions
negligible.
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Fig. 4. (a) Resonant-inductive degenerated bias current source transistor and
its noise sources, (b) detailed schematic of the degenerated bias current source.

We will determine the performance of resonant-inductive de-
generation by calculating the transfer functions from the base-
resistance noise, base-current shot noise, and collector-current
shot noise sources to the output of the bias current source using
a detailed schematic shown in Fig. 4(b). Then, using superposi-
tion, the total output noise of the bias current source with reso-
nant-inductive degeneration will be determined, and new formu-
lations for the oscillator noise factor and phase noise provided.

Fig. 4(b) shows the base-resistance noise source vg,cs,
base-current shot noise source ip cs, and collector-current
shot-noise source i¢,cs of the BCS transistor. ioyT,cs models
the total output current source noise of the BCS to be deter-
mined. The corresponding double-sided noise densities are
given by (10)-(12)

vy (rB,cs) = 2KTrp cs (10)
X (Ic,cs) = qlraw = 2KTg,, ¢s/2 (11)
in(Ie.cs) = qlp,cs = 2KTg,, cs/(2/8).  (12)

A. Transformation of the Base-Resistance Noise of the
Resonant-Inductive Degenerated Bias Current Source

The circuit of Fig. 4(b) resembles the circuit of an induc-
tively-degenerated low-noise amplifier. Unlike a low-noise am-
plifier, where noise at the input of a degenerated transistor is
minimized, for a bias current source, the minimum of noise at
the output of a degenerated transistor matters.

The input impedance of an inductively degenerated transistor
is given by [2], [8]

fres 1

f Im,CS
(13)

Zw(f) =2nfrcsLrip + j |27 fLriD —
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where fr cg is the transit frequency of Q¢s. The contribution
of the noise from the base resistance to the output current noise
density iouT,cs of the degenerated bias current source can be
calculated from [1], [2] as

1OUT
un(rB.Ccs)
___ L wroes
 In(f) w

-1 wr,cs
= - . : (14)
wr.csLrip + jwLrip + 1/(jwCncs) w

For the resonance at 2f,, the imaginary part of the input
impedance is set to zero. Then

2
fT,CS) (15)

2fo

where Ry = 27 fr.csLrrp is equal to the real part of the
impedance at the base of Q¢ at resonance.

From (14), the equivalent transconductance of the RID bias
current source transistor at 2 fo now equals [1], [2]

Ringm,cs = <

1 frcs
> JDOS 16
9EQ.CS Rix 2fo (16)
and (14) becomes
OU 2
WOULOS_(3y) = ~gmcs (17)

un(7B,cs) Ires’

This suggests that the bias current source base-resistance
thermal noise can be reduced for 2fy/frcs < 1. It is in-
teresting to note that seen from base of the transistor Qc¢s,
inductor Lrrp and base-emitter capacitor C; ¢s form a se-
ries-resonant circuit (see the denominator of (14)).

B. Transformations of the Base- and Collector-Current Shot
Noise Sources of the Resonant-Inductive Degenerated BCS

The RID bias current source transistor (Jcs operates in a
common-base-like configuration rasonating at twice the oscil-
lation frequency. Referred to the output of transistor Q¢s, we
expect to see the collector-current shot noise suppressed and the
base-current shot noise present. This intuitive observation can
be analytically proved with the aid of Fig. 4(b). We will first
determine the transfer function for collector-current shot noise
1c,cs to the output of the current source iouT,cs by applying
superposition (i.e., ip,cs = 0 and vg,cs = 0).

Let us first find the gain from ic cs to iouT,cs. Kirchoff’s
current law equation for node F yields

VE

—_— (18)
jwLrrp

ic,cs + gm,cSVBE = — jwCn,csvBE

where vpg = vp — vg. Analyzing the BE branch of Fig. 4(b),
we obtain

VE

1 .
— upp (— +ijn,cs> .9
TB,CS

TB,CS
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Substituting (18) into (19), the relationship between the base-
emitter voltage vp g and the current ¢c cs becomes

. . 1
ic,cS = —UBE |9m,cs + jwCn,cs + ———
JwLRID
C T
m,cs B,CS} o)
Lgrp
From the current-law equation for node C,
10UT,cS = tC,cS + Ym,CSVBE 2D

the transfer function from the collector-current noise source to
the output of the BCS is

1OUT,CS
in(Ic,cs)
9m,CS
- * @)

Cn,csrTB.cs . 1
9m,CS + Lrip + ijH’CS + jwLrip

=1

At the resonance (2fy) between Lgrp and C ¢, this simpli-
fies to

10UT,CS 1
—="_(2fp)=1-— ; 5
1+ 7rB.csgm,cs (fT.fgs)

1

0.

in(Iccs)

(23)

As rB,csgm,cs is a small constant (equals ck for 2rp cs =
rg)and 2fy/ fr.cs < 1,itcanbe seen that the collector-current
shot noise can be suppressed to a large extent from the output
of the BCS.

In a similar manner, the transformation of the base-current
shot noise to the output of the BCS is calculated from Fig. 4(b)
(tc,cs = 0 and vg,cs = 0). The resulting transfer function
reads

1OUT,CS _ Im,CS
Py J) C s .
”N(IB,CS> Im,cs + % + jwCh,cs + %
or at 2 fy
1OUT,CS _ 1 ~
fULES () = ~1 )
1B,CS

2
1+ r5,cs0m.cs (ff.fc?s)

This implies that the base-current shot noise is transferred com-
pletely to the output of the degenerated bias current source.

It is worth mentioning that the inductor Lgrrp and
base-emitter capacitor C cs form a parallel-resonant cir-
cuit as seen from the base- and collector-current noise sources
(see the denominators of (22) and (24)). Thus, the very same
reactive components appear to resonate in series and parallel
when referred to from different terminals of the degenerated
current source transistor.

C. Total Output Noise and Noise Factor of the
Resonant-Inductive Degenerated Bias Current Source

Combining the base-resistance noise and base-current shot
noise contributions, (17) and (25) (contribution of the col-
lector-current shot noise close to zero), the total output current
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noise density of the resonant-inductive degenerated bias current
source becomes

ix(Ipcs.rip) = kTgm.cs
2fo

04 Ircs ? l +92r g : (26)
—2f0 3 B,CSYm,CS fros)

The noise factor of the bias current source with resonant-in-
ductive degeneration now equals
2
frcs

2
F(Igcs,rip) =k - l " (ZfT’CS> + nke
(27)

28 fo
which is obtained with the aid of (4) and (26), again after refer-
ring to 2rg,cs = rp for a convenient formulation.
In order to estimate the improvement achieved, (26) is com-
pared to the output current noise density of the BCS without
degeneration, given by (28) [1]

X

in(Ipcs) = ZKT'—qméCS

X

2fo B

A comparison between (26) and (28) suggests that by ap-
plying resonant-inductive degeneration, the contribution of the
bias current source noise is reduced more than (fr.cs/2f)?

2fo

fr,cs

2
1
140- (@) S 27"B7CS.gm,CS‘| . (28)

2
F(Ipcs,rip) < ( ) F(Ipcs) (29)

as it can be assumed that the current gain factor § >
(fr.cs/(2fo))?.

For example, a factor 25 reduction of the BCS noise is pos-
sible for fr cs = 10fo. Minimizing or eliminating the noise
contribution of the BCS improves the phase noise performance
of the oscillator, or permits operation at a lower bias current for
the same performance of the oscillator under consideration.

Resonant-inductive degeneration suppresses most effectively
the bias current noise around second harmonic of the oscillation
frequency by forming a resonance, but also the BCS noise from
higher harmonics (4 fo, 6 fo, . . .). The BCS noise around 2 f; is
responsible for around 72% [1] of the total bias noise, which
is reduced by a factor (fr,cs/2fo)? after RID. The smaller
portion of the BCS noise (~ 28%) originates from higher
harmonics, which is reduced by forming a high impedance in
emitter of the BCS transistor (~4woLgrp at 4fo,6woLrrp at
6 fo, - . .), that is, the gain for the thermal base-resistance noise
to the output of the BCS is small and the flow of collector-cur-
rent shot noise impeded for higher harmonics. This allows us
to formulate the noise factor for the RID BCS by (27).

Before closing this section, let us inspect (26) and (28) from
another perspective. Whereas the base- and collector-current
shot noise contributions of the bias current source are fixed by
the supply current, the base-resistance thermal noise is deter-
mined by transistor dimensions (rg,cs is inversely proportional
to length [ of the transistor). Therefore, for a BCS without de-
generation, we opt for a large bias transistor in order to reduce
rB,cs and the contribution of the base-resistance noise, as sug-
gested by (28).
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However, for a BCS with the RID, itisnot 7z ¢, but the ratio
TB,CS/.qu*,CS that matters, as implied by (26). Asrg,cs ~ 1/I
and, for a given current consumption, frcs ~ 1 /1, the ratio
rB.cs/f? cg ~ L. Thus, for the BCS with the RID, we opt for
a small transistor, which provides a larger transition frequency
at a given bias current Iar,. These findings stress the opposing
requirements on the design of a bias current source with and
without degeneration.

Although the contribution of the bias current source noise to
the phase noise in CMOS LC-oscillators can be made small by
trading off bias current, transistors size, and overdrive voltage,
the resonant-inductive degeneration can still be effectively ap-
plied if, for example, the CMOS LC-oscillator transistors op-
erate in weak inversion.

D. Noise Factor and Phase Noise of Oscillators With
Resonant-Inductive Degeneration

The noise factor of the bipolar LC oscillator with resonant-
inductive degenerated bias current source is now obtained with
the aid of (5), accounting for the reduction of the BCS noise
achieved (see (27)). The noise factor reads

()
X
frcs

n <2fT’CS>2 + nke
(30)

2
F= 1+g+§nkc+k-

26\ Jfo
or in the worst case (assuming 3 = (fr.cs/(2£0))%)

n 2 n 2f0 2
Fe214+ —+4+ —nk k(= k . 31
+2+3n c+ (2+n c) (fT,CS) 31D

For 2fo/ fr.cs < 1, which is readily achievable, the BCS
noise contribution can be eliminated, whereby the noise factor
of the LC-oscillator with an RID BCS becomes

n

F=1
+2

2
+ inkc. (32)

In this case, the phase noise of the LC oscillator of Fig. 1 with
a bias current source of Fig. 4 is

2 n 2
4KTGTK < s > 1+ bl + gnkc (33)

(4rCrorA)2 \ 8Vp n2k?

Now the discussion of Section II-B becomes more apparent.
Namely, for a high-performance LC-tank designed (¢ < 1), the
phase noise of a bipolar LC oscillator with a common-emitter
bias transistor is proportional to 1/k, given k > 1 (see (8)).
However, biasing the same oscillator circuit with a resonant in-
ductor-degenerated transistor, the phase noise becomes propor-
tional to 1/k? [see (33)], a factor k& improvement.

E. Verification of the Resonant-Inductive Degeneration
Phase-Noise Reduction Method

The phase-noise ratio for the oscillator biased from the BCS
(see Fig. 1) and the oscillator biased from the resonant-inductive
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Fig. 5. Phase-noise ratio before and after resonant-inductive degeneration
(noise contributions considered are normalized to 100%).

degenerated BCS (Fig. 1 with bias circuit of Fig. 4) is given by
(34)

F(Rrk)+ F(2Ic) + F(2rg) + F(Ipcs,riD)
F(RTK) + F(2Ic) + F(QTB)
2fo \° F(2Ic,2rp)

! + k <nycs> 1 + F(Zlc, 27”3)

This is a ratio of the oscillator phase noise with and without the
contribution of the noise from the RID bias current source. As
implied by (34), applying the resonant-inductive degeneration
method, a manifold reduction of the bias current source noise
can be achieved, thereby improving the phase noise of the os-
cillator under consideration. For 2fy/ fr cs < 1, (34) results in
PNR ~ 1(~0 dB), that is, the phase-noise contribution of the
BCS noise becomes negligible.

For the oscillator parameters given in Section II-B, the PNR
of the oscillator with resonant-inductive degeneration (Lrrp =
1.3 nH) applied to the biasing current source has been simulated
[see (34)], and the results compared to the PNR of the oscillator
biased from the BCS without any degeneration [see (9)]. As
shown in Fig. 5, simulations show an improvement of around
8 dB in phase noise, at a small-signal loop gain of around 10,
as predicted by (34). This result verifies the resonant-inductive
degeneration noise-reduction method.

The contribution of the BCS noise to the phase noise after
the RID is applied to the bias current source is visualized by
Fig. 6. At a small-signal loop gain of around 10, the BCS noise
accounts for around 6%, the g,,,-cell noise for around 64%, and
the LC-tank noise for 30% of the phase-related noise power. A
considerable improvement has been achieved: the contribution
of the BCS noise to the phase noise has been reduced from 85%
for the oscillator without the RID (see Fig. 3) to only 6% for the
oscillator with the RID applied.

PNR =

1

(34)

IV. COMPARISON OF RESONANT-INDUCTIVE DEGENERATION
WITH OTHER BIAS-CURRENT SOURCE
NOISE-REDUCTION METHODS

Pros and cons of the resonant-inductive degeneration are
summarized in this section and its performance compared to
other bias-current source noise reduction techniques known:
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resistive degeneration, capacitive and capacitive-inductive
filtering, and inductive degeneration are considered.

A. Advantages of Resonant-Inductive Degeneration

Resonant-inductive degeneration suppresses most effectively
bias current-source noise in bipolar LC-oscillators around
second harmonic of the oscillation frequency by forming a
resonance, but also the BCS noise from higher harmonics.

This noise reduction method is suitable for low-voltage ap-
plications, as it requires no DC voltage headroom. Moreover,
the RID inductor is in the low-nH range for GHz-range appli-
cations and, as such, occupies a relatively small chip area when
fabricated using the multiple layers of metal available in modern
silicon VLSI technologies.

B. Resistive Degeneration of Bias Current Source

Resistive degeneration [2], [9] of a bias current source sup-
presses its noise equally at all frequencies, opposite to RID that
is frequency selective. Merit of resistive degeneration is in the
suppression of the low-frequency noise, which is otherwise con-
verted to the resonator and then to phase noise via AM-to-FM
conversion in the LC-tank varactor [10].

Howeyver, as the resistor in the emitter of the BCS transistor
requires some DC voltage headroom, this method of noise sup-
pression has limited use to systems with large supply voltages
(e.g., >3 V).

The circuit diagram of the resistive degenerated (RD) BCS
is shown in Fig. 7. The performance of this noise-reduction
method is discussed next.

The collector-current shot noise of the resistively-degen-
erated BCS is suppressed while the base-current shot noise
is transferred to the output of the current source, as has been
the case with the RID BCS. Moreover, the base-resistance
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and the degenerative-resistor (Rgp) noise sources are trans-
ferred to the output of the current-source transistor with the
equivalent transconductance grpg.cs = 1/Rgrp, assuming
gm,csBrp > 1.

Accounting for the contributions of the base-resistance noise,
base-current shot noise, and degenerative resistance noise, the
output current-noise density of the RD BCS equals

. Ym,CS
73\7(IBCS,RD) = ZKTqT

1 1 1 1
x|~ +2r + . (35)
B B’ngm,CSRRD (TB,CS RRD>:|

For a realistic assumption Rrp > rp,cs, this becomes

Im,cs |1 2 ]
- -4+ —1. (36)
2 [/3 9m,csBrp

ix(Ipcs,rp) = 2KT

This result can now be directly compared to the total output
current noise density of the RID BCS (26). The resonant-induc-
tive degeneration is more effective than the resistive degenera-
tion, if condition (37) is satisfied

fr.cs 1
( ’ > gm,csRrp.
2fo TB,0S9m,CS

AsTp,csgm,cs is a small constant (equals c for Q¢s 2 times
larger than Q1, Q2) and 2 fy/ fr,cs < 1, resonant-inductive de-
generation can be considered as a better solution than resistive
degeneration for low-supply voltages (e.g., Voc < 3 V) and the
oscillator under consideration. For example, for ¢ ~ 0.1 (typical
for high-performance LC-tanks), and fr cs = 10fy, the resis-
tive degeneration would not be the noise reduction method of
choice, as an impractically large loop gain (gm,csRrp > 250)
around the RD transistor would be required, given a low supply
voltage.

However, if a high supply voltage were available, resistive de-
generation would be preferable, as its implementation is rather
straightforward.

(37

C. Capacitive Filtering Technique

By placing a capacitor in parallel with the BCS transistor, the
output bias current-source noise is filtered over a range of fre-
quencies [11]. However, as much as the capacitor suppresses
the BCS noise, it enlarges the noise contribution of the oscil-
lator transconductor, thereby partly counteracting the complete
effectiveness. The reason for this is the low impedance gener-
ated by the capacitive AC short at the emitters of the g,,-cell
transistors at the fundamental frequency. To better understand
the effect of such an AC short on the phase noise, a schematic
of the oscillator g,,-cell in the limiting region ()7 is on and
Q- is off) is shown in Fig. 8, depicting the spliting of the col-
lector-current shot noise source.

In the limiting region of the g,,,-cell, when only 1 (or Q2) is
active, the collector-current shot-noise source, ¢ in Fig. 8(a),
flows completely through one half of the LC-tank, as shown in
Fig. 8(b). Thus, collector-current shot noise contributes to the
phase-modulating noise component of the oscillator not only in
the linear region, but also in the limiting region of the g,,-cell,
failing to provide high impedance at collector of the BCS tran-
sistor. Shown in Fig. 9(a) is the gain from collector-current shot
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Fig. 9. Time-varying gain from the g,,-cell collector-current shot-noise
sources: (a) high BCS output impedance, (b) low BCS output impedance (AC
short at fo).

noise source to the resonator for a high BCS output impedance,
and in Fig. 9(b) for a low BCS output impedance (time-varying
gain for both shot-noise sources are the same, but time-delayed).

Thus, while suppressing BCS noise with the capacitive fil-
tering, the relative collector-current shot noise contribution (i.e.,
noise contribution time per period) of both transconductor tran-
sistors to phase noise is 1/2 + d/2 instead of d without filtering
employed, d being the duty cycle of the g,,-cell small-signal
time-varying gain [2], [3]. That is, for d < 1, a larger col-
lector-current shot noise portion contributes to the phase noise
of the oscillator (1/2 + d/2 > d).

Let us now analytically describe these observations, aided by
intuition and experience gained from the previous sections and
[11-3].

Given a duty cycle d = 1/(2k), the phase-modulating noise
component originating from the transconductor collector-cur-
rent shot-noise source equals [2], [3]

ix(Io)
e

If we denote a duty cycle of the gain function shown in Fig. 9(b)
as d’, we can use (38) modified for the new value d’ to ex-
press the phase-modulating noise component from the transcon-
ductor collector-current shot noise i, (Ic). This is given by
(39) and (40)

ipy(le) =d (38)

d = (39)

[

& N
)

™~

Q

iBy(Ic) (40)
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Combining the contributions from both transistors, the g,,-cell
collector-current shot-noise factor F'(2I¢) for a capacitively-
filtered BCS noise now equals

F'(21¢)

1%

4ipy(Ic)  n (1
AKTGrr 2

5+ k) > F(21c). (41

While the BCS noise contribution is reduced, the contribution
of the g,,-cell collector-current shot noise to the phase noise
tends to increase, as suggested by (41). For example, for & > 1,
a degradation of the phase noise performance may result from
the capacitive filtering when compared to the resonant-inductive
degeneration phase-noise reduction method.

D. Capacitive-Inductive Filtering Technique

In addition to a capacitor in parallel with the BCS, an inductor
is placed between the current source and the oscillator core in
[12]. This solves the problem of an AC short generated by the
capacitive filtering at the collector of the BCS transistor.

We emphasize two interesting points of this technique. First,
a large capacitor, occupying a large area, is required for a good
suppression of the BCS noise. Second, the output impedance
of the capacitively-inductively filtered BCS is smaller then that
of the RID BCS. In the former, the output impedance is the
impedance of the inductor L at collector of the BCS transistor
Zout(LE), (42), whereas in the latter it is the impedance of the
emitter degenerated transistor Zout(Lgrp), (43) [13]

|ZouT(LE)| = wLg

|Zout(LRrID)| > 9m,csro,cswLriD.

(42)
(43)

Given a large output resistance of the bipolar BCS transistor
TO,CS5 ZOoUT (LRID) is larger than ZOUT(LE)- Or, in other
words, a few orders of magnitude larger inductor L is needed
for Zour(Le) = Zour(LriD)-

Therefore, a better suppression of the g,,,-cell noise in the lim-
iting region can be expected with resonant-inductive degenera-
tion of the bias current source.
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Fig. 10. Bipolar LC-VCO with resonant-inductive degenerated bias current
source.

E. Inductive Degeneration

Another way to reduce the bias current source output noise is
to apply inductive degeneration [14]. However, a large discrete
inductor in order of uH used may pick some external noise and
additionally degrade the oscillator phase-noise performance.
We have shown that an inductance value in the order of nH,
resulting from the resonant inductive degeneration method
proposed in this paper, allows for almost complete removal of
the bias current-source noise, yet amenable for integration on
chip.

V. TEST OSCILLATOR DESIGNS

Two test oscillators have been designed for the verification of
the phase-noise reduction method introduced, both operating in
the upper 5 GHz band.

A schematic of the test circuit of a bipolar LC-VCO designed
with the resonant-inductive degeneration applied to its bias cur-
rent source is depicted in Fig. 10. Shown are the symmetric
LC-tank inductor L, two nMOS varactors C'y, feedback capaci-
tors C 4 and C'p, a cross-coupled transconductor (Q1-Q2), and a
bias current source transistor ()¢ with a resonant degenerative
inductor Lrrp. Ve is the supply voltage, Vrung the varactor
tuning voltage, Vz the base bias voltage, and IT41y, the bias tail
current.

Another (identical) voltage-controlled oscillator has been
designed without resonant-inductive degeneration, for valida-
tion of the noise-reduction method proposed. The two oscil-
lator designs have identical LC-tanks, transconductors, and
bias current source transistors. The only difference between
the two oscillators is that Lr;p = 0 for the oscillator without
RID.

A. Oscillator Circuit Parameters

The test oscillators bias and circuit parameters are optimized
for the largest voltage swing around the 5.7 GHz central oscil-
lation frequency.

For a supply voltage of 2.2 V, a transconductor base bias
voltage Vp between 1.8-1.85 V has been chosen. It allows
for both the largest voltage swing of the output signal and
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the most efficient use of the voltage headroom available, as
obtained from the simulations. The maximum voltage swing is
estimated from the saturation condition of the transconductor
transistors, in order to avoid noise injection of the forward-bi-
ased base-collector junctions [15]. For a capacitor divider ratio
or around n ~ 1.6, a maximum voltage swing across the
bases of the transconductor v, g of around 0.68 V is expected,
corresponding to a small-signal loop gain of around 10.

For suppression of the bias current source noise at twice
the oscillation frequency (i.e., between 11 GHz and 12 GHz),
a symmetric low-quality resonant-degenerative inductor of
2.6 nH (2LRyp) was integrated in 1.25 um thick metal. It has 7
turns, outer diameter of 106 um, metal width of 5 um, and metal
spacing of 1.5 um. A small resistor (30 £2) was added in series
with the degenerative inductor. Although this has minor effect
on high-frequency bias current source noise, it aids suppression
of low-frequency BCS noise and improves temperature stability
of the oscillator. It should be noted that a multi-layer inductor
would also be suitable for Lryp as it requires even less chip
area, as long as its self-resonant frequency is sufficiently greater
than 2 fj.

At 11.4 GHz, the resonant inductor parallel resistance (con-
sidering the 30 (2 series resistor as the dominant part of its se-
ries loss resistance) would be around 290 2, which is still a
factor of almost 10 larger effective degeneration impedance of
the inductor-resistor combination than that of a resistor only.
This shows that mainly the resonant-inductive degeneration al-
lows for a suppression of the bias current source noise (290 €2
from the RID at 2 f, versus 30 2 series resistor at DC), while
requiring a small voltage headroom (that across 30 €2), thus not
compromising the voltage swing of the oscillation signal across
the LC-tank and phase noise. Moreover, the resistor in series
with the degenerative inductor broadens the resonance whereby
reducing the bias-current source high-frequency noise contri-
bution to the phase noise across a range of frequencies. For ex-
ample, for a low quality factor of the resonant RLC circuit of
around three, a 3 dB bandwidth would be 1.8 GHz around 11.4
GHz, which translates to a range of 0.9 GHz around the resonant
5.7 GHz frequency where the bias current source noise would be
suppresed. However, the resonant-inductive degeneration would
be less effective for the frequencies far away from the resonance,
in which case, a capacitor bank across base-emitter terminals of
the bias current source transistors could be used to tune the res-
onant frequency.

Compromising between good phase noise, low power con-
sumption, and large frequency tuning range (aiming at the upper
802.11a/HIPERLAN/802.16a band), the other oscillator circuit
parameters have been determined. The 1.2 nH symmetric and
differentially shielded LC-tank inductor (L in Fig. 10) has been
designed using 4 um thick aluminum top metal. It has two turns,
an outer dimension of 190 um, metal width of 10 um, and metal
spacing of 5 um. Two n-type MOS varactors (C, in Fig. 10)
with 40 gates complete the LC-tank. Metal-insulator-metal ca-
pacitors C'4 and Cp are 100 and 250 fF, respectively. Two
common-collector output buffers interface the test oscillator and
a 50 2 measurement set-up, each consuming 1.1 mA of current.
All the relevant phase-noise related circuit parameters are shown
in Table I.
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TABLE I
PHASE-NOISE RELATED PARAMETERS OF THE BIPOLAR
LC-VCO SHOWN IN FIG. 10

parameter value
G 1/340S
n 1.6
k 10
L 1.2nH
2Lp 2.6nH
C,/C, 250fF/100fF
fo 5.7GHz
— » | 18 T ! | :
T 22 ‘ r ':b - :EE
= ; 5!5' ] FH

Fig. 11. Photomicrograph of the bipolar LC-VCO with resonant-inductive de-
generation.

B. Experimental Results

The chip photomicrograph of the bipolar voltage-controlled
oscillator with the RID is shown in Fig. 11, together with its
buffer circuits. Inductors Lrrp are grounded on one side only,
as shown in Fig. 12(a), for the oscillator with the RID applied,
and grounded on both sides, as shown in Fig. 12(b), for the
oscillator without the RID applied. The two oscillator designs
have maximum voltage swing and best phase noise for the same
power consumption as they are identical, apart from the RID
part.

The oscillator core occupies an area of 215 x 340 um?, in-
cluding buffers. After wirebonding into 32-lead quad packages,
the oscillator design was connected to a printed-circuit board
with bias and supply line filtering for testing [15].

A frequency tuning range of 600 MHz (5.45-6.05 GHz) was
measured for a 0.9 V tuning voltage range (i.e., between 1.3 and
2.2V of Vrung) [11, [3], for both test oscillators, as shown in
Fig. 13 (Ur stands for Vpyng). The error in the prediction of
the oscillation frequency is below 1%. This frequency tuning
range covers the upper band of 802.11a/HIPERLAN/802.16a
standards, and with additional MOS capacitors in parallel with
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Fig. 12. (a) LC-VCO with resonant-inductive degeneration applied, (b)
LC-VCO without RID applied.
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Fig. 14. Bipolar LC-oscillators output spectra in the 5.7 GHz band.

the LC-tank the operating frequency could be trimmed to cover
the complete 5 GHz band.

Phase noise properties of the oscillators with and without res-
onant-inductive degeneration of the bias current source are com-
pared in Fig. 14. For around —12 dBm output power from a
single buffer (i.e., equal RF power levels of both oscillator out-
puts), the oscillator with the resonant-inductive degenerated bias
current source has around 6 dB better phase noise at 1 MHz
offset from the carrier in the 5.7 GHz band, compared to the os-
cillator implemented without resonant-inductive degeneration.

At 1 MHz offset from a 5.7 GHz carrier, the oscillator with
the resonant-inductive degenerated bias current source achieves
a phase noise of —112 dBc/Hz for a current consumption of 4.8
mA, as shown in Fig. 15.
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Fig. 15. Phase-noise plot of the test bipolar LC-oscillator in the 5.7 GHz band
with resonant-inductive degeneration applied to the bias current source.

C. Discussion of Results for the LC-VCO With
Resonant-Inductive Degeneration Applied

In this section, we compare the measurement results to the
predictions of the oscillator phase-noise model [2], [3], for the
bipolar LC-VCO with the resonant-inductive degeneration.

For a small-signal loop gain of & ~ 10, a capacitive divider
ratio of n ~ 1.6, and a small start-up constant ¢ ~ 0.1,
the phase-noise performance of the oscillator biased from a
common-emitter transistor is estimated from (9) as a factor
7.4 (~ 8.7 dB calculated, and ~ 8.2 dB simulated) worse
than that of an oscillator biased from a noiseless bias current
source. From (6), the contribution of the undegenerated BCS
noise to the phase noise of the oscillator is estimated at around
86%. If the noise from the bias current source were completely
removed, we would expect a phase-noise improvement in the
order of 8 dB from (34) and simulations.

However, the test oscillator circuit has recovered 6 dB of
phase noise by means of the resonant-inductive degeneration
of the bias current source. This difference may be explained as
follows.

We have not opted for the highest fr cs of the BCS tran-
sistor, thereby sacrificing the noise reduction. The reason for
this choice is the expected higher current consumption than in
the simulations, which would then shift the BCS transistor op-
eration behind the point of a maximum f7 cs. And indeed, the
measurement results have shown that the quality of the LC-tank
was overestimated in the simulations, and accordingly, the cur-
rent consumption underestimated. As a result thereof, the reso-
nant frequency between the L rrp and BCS base-emitter capac-
itor is different from 2 f(, and the rejection of the BCS noise not
complete.

Despite this, the 6 dB phase-noise improvement has been re-
alized due to the robustness of the resonant-inductive degen-
eration technique. Better estimation of the oscillator operating
point would allow for a complete phase-noise recovery with the
method proposed.

VI. CONCLUSION

It has been shown that the contribution of the bias current
source noise to the phase noise of the LC VCOs is larger than
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all other noise contributions put together. In particular, the bias
current-source noise around twice the oscillation frequency de-
grades the phase noise most. Therefore, we have proposed res-
onant-inductive degeneration of the bias current source as a
method to reduce this noise contribution. By forming a reso-
nance between a degeneration inductor in the emitter lead of the
bias current-source transistor and its base-emitter capacitance
at twice the oscillation frequency, the contribution of the noise
from the bias current source to the phase noise of bipolar oscil-
lators is reduced by a square of the ratio of its transit frequency
and twice the oscillation frequencies.

Two bipolar test oscillator circuits have been designed to
verify the noise-reduction method proposed: one with and
the other without resonant-inductive degeneration. Resonant-
inductive degeneration in the emitter of the bias current-
source transistor has improved the phase noise of a 5.7 GHz
voltage-controlled oscillator by 6 dB.

Resonant-inductive degeneration is suitable for low-voltage
RF applications, as it requires no DC voltage headroom. More-
over, a low-nH degenerative inductor required for GHz-range
applications can be cost-effectively implemented in any modern
multi-layer metal silicon technology.
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