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Abstract 
A 9.8 - 11.5 GHz quadrature ring oscillator for use in the data 
clock recovery circuit of optical receivers has been realized in 
a BiCMOS technology with 30 GHz cut-off frequency. The 
circuit implementation of the oscillator uses active inductors 
which provide isolation between the oscillator and cascaded 
circuits such as buffers and flip-flops. Carrier to noise ratios 
better than 94 dBc/Hz at 2 MHz offset are measured with 75 
mW dissipation and 2.7 V supply voltage. The realized quadra- 
ture oscillator achieves a state of the art oscillation frequency 
over transistor cut-off frequency ratio of 0.38. 

Introduction 
Quadrature (I/Q) oscillators are key building-blocks in ad- 
vanced receiver architectures. In case of optical receivers, par- 
allel architectures can be implemented which operate at half 
the bit rate if I/Q signals are available [l]. Furthermore, I/Q 
signals are used in Data Clock Recovery (DCR) circuits to ac- 
quire frequency lock [2]. Integrated ring oscillators for the use 
in 10 Gb/s DCR-circuits are demonstrated using SiGe bipolar 
technology with cut-off frequencies (ft) ranging from 45 to 50 
GHz [3,4] .  

This paper presents an architecture study of two-stage ring os- 
cillators. The main objective is to investigate the feasibility of 
ring oscillators for 10Gb/s optical receivers in a low cost 30 
GHz f t  BiCMOS process. The performance limits of ring os- 
cillators in this technology are explored, which can be extrap- 
olated to more advanced IC technologies. The study resulted 
in an IiQ ring oscillator architecture with transistors operating 
as active inductors. The same transistors also provide isola- 
tion between the high sensitive oscillator core and the circuits 
loading the oscillator. Implementation of this new architecture 
resulted in a measured state of the art oscillation frequency fo,, 
over ft ratio of 0.38. The Carrier-to-Noise Ratio (CNR) is bet- 
ter than 94 dBc/Hz at 2 MHz offset from the 1 1.5 GHz carrier 
with only 75 mW dissipation. The voltage-controlled oscillator 
(VCO) can be used in 10 Gb/s optical receiver front-ends or in 
20 Gb/s receivers with parallel architectures operating at half 
the bit-rate [l]. 

Ring oscillator architectures 
In DCR architectures for optical receivers the CNR specifica- 
tion is orders of magnitude lower compared to, for example, 
local oscillator requirements in wireless front-ends.. A CNR 
between 90 and 100 dBc/Hz at 2 MHz offset can be sufficient, 
depending on the DCR architecture and the loop bandwidth of 
the phase-locked loop which is part of the DCR. This makes us- 
age of ring oscillators possible without excessive power dissi- 
pation. A potential architecture for realizing the ring oscillator 
in a 10 Gbis DCR system is the two-integrator oscillator. This 
oscillator and derivatives are referred to as “ring oscillators” 
in this paper since the topology is that of a ring oscillator, it 
can have more than two stages and all stages are identical. The 
two-integrator oscillator can also be classified as an harmonic 
oscillator. 
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Figure 1 .  Two-integrator oscillator architecture. 

The architecture of this oscillator is shown in Fig. 1 and pro- 
vides “correct-by-construction” I/Q signals. The symmetry 
dictates a 90” phase shift per section. Practical IiQ matching is 
limited by the device matching and the symmetry of the layout. 
Losses are modeled by resistor R which are compensated by 
transconductance gmQ. Implementations of the two-integrator 
oscillator have been realized with a CNR of 106 dBc/Hz at 
2 MHz offset (using 100 mW), a wide tuning range (0.9-2.2 
GHz) and excellent phase (0.5’) and amplitude (0.1 dB) match- 
ing at moderate operating frequencies [ 5 ] .  However, when in- 
vestigating this architecture, transistor level simulations in a 30 
GHz ft BiCMOS process show that maximum operating fre- 
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quency is limited to around 0.35 times the f t  of the IC process 
which is used for implementation. Moreover, this f o S c / f t  ra- 
tio is only achieved with a small signal swing which results in a 
poor CNR. For examplc, with 100 mW dissipation a CNR of 80 
dBclHz at 2 MHz offset of the 10 GHz carrier was simulated. 

One possibility to improvc the phase noise is to incrcase the 
number of stages of the ring oscillator. Using a general quality 
factor definition [6] which takes into account both the phase 
and amplitude slope with respect to the frequency around the 
oscillation frequency, Q,,, the quality factor for n-stage ring 
oscillators can be derived [7] :  

1 
Qvc = in sin (3 

Therefore, QTC is equal to one for a two-stage ring oscilla- 
tor (two-integrator oscillator) and reaches its maximum, ~ / 2 ,  
when n goes to infinity. Although Q T C  improves somewhat 
with more stages, this does not result in a significant better 
CNR. Furthermore, the maximum frequency drops if the num- 
ber of stages is increased. Doubling of the power and scaling 
down all impedance levels in the oscillator by two (or in other 
words putting two oscillators in parallel) immediately gives 
3 dB CNR improvement, which is more power efficient than 
putting power in more stages. Hence only a different archi- 
tecture can yield improvement given the same technology and 
power dissipation. 

The limiting factor in maximum oscillation frequency is the 
parasitic phase shift in transconductances g m A  in Fig. I .  This 
phase shift is introduced when the ideal transconductances are 
implemented with bipolar or MOS differential pairs. By taking 
the parasitic phase shift into account in the design of a new ar- 
chitecture and making deliberately use of this phase shift, max- 
imum frequency of operation can be further increased. The be- 
havioral model of this new architecture is shown in Fig. 2 [SI. 
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Figure 2. IIQ oscillator with active inductors. 

Transconductance g m A  is modeled with (in this simple case 
a fixed) phase shift q% which represents the phase shift at high 
frequencies of the transconductances. Furthermore, inductance 
L is added which effectively implements a phase lead which 
compensates partly the phase lag 4. The oscillation frequency 
of this architecture is equal to: 

( 2 )  
1 Lcot (4)  + f i d 4 C R 2  + Lcot(4)2 

27T 2CLR f o x  = - 

In this architecture tuning can be rcalizcd by varying C ,  L or 
phase shift 4, Sincc the architecturc is completely symmetri- 
cal, it delivers "correct-by-construction" I/Q signals. Simula- 
tions on transistor implementations of this architecture in a 30 
GHz f t  BiCMOS process show that i t  can operate well beyond 
10 GHz. However, when including loading of the oscillator 
by buffers, phase noise performance and maximum frequency 
dropped. Since the oscillator signal will be part of a DCR, 
buffers and flip-flops will bc connected to the oscillator. An 
additional step on architectural lcvcl can be made to minimize 
the loading effects of thcsc cascadcd blocks and thus maximize 
performance. 

Circuits loading the oscillator connect to nodes in thc feedback 
path of the architecture in Fig. 2 and lower the maximum fo8, 
substantially. The loading of the high sensitive oscillator nodes 
is reduced in the architecture presented in Fig. 3 .  In this archi- 
tecture quadraturc buffers are an integral part of the oscillator 
and improve isolation to circuits loading the oscillator. 
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Figure 3. IVQ oscillator architecture with outputs which provide isolation from the 

high-sensitive VCO core. 

Key in realizing this architecture for maximum so,, is a min- 
imum number of transistors and thus minimum parasitics. An 
efficient circuit implementation of Fig. 3 is discussed in the 
next section. 

Circuit implementation 
The circuit implementation of the architecture with isolated os- 
cillator core is shown in Fig 4. 
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Figure 4. Circuit implementation of the IIQ oscillator. 
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The I/Q ring oscillator has been realized without lumped capac- 
itance: capacitor C in the behavioral model (Fig. 3) consists 
of device and interconnect parasitics. Inductor L in Fig. 3 is 
implemented with transistors g m L .  When the base and collec- 
tor of a bipolar transistor are shorted, this two terminal device 
becomes an active inductor for high frequencies [8]. The in- 
ductance can be varied by controlling the base rcsistance or by 
varying the current through the transistor. By adding load resis- 
tance RL in the collectors of transconductance g m ~ ,  this tran- 
sistor not only realizes the active inductor but also provides cas- 
code buffering. This means that circuits with low impedance 
levels can be connected to the collectors of transconductance 
gmL, without loading the oscillator core. Tuning is realized 
with variable resistor Rtvne which is added in the base of g m ~ .  

variable resistor . . . . . . . . 

.zq-j--y 'j 
. . . . . . . 

'tune 

Figure 5. Simplified schematic of the implementation of Rt,,,. 

The implementation of RLurlr is shown in Fig. 5 .  RtUne is re- 
alized with a diode-connected transistor (dimensioncd to have 
little inductance) which is AC-coupled to the base of transistor 
gmL (point P in Fig. 4 and 5) .  The current of this transistor is 
controlled by a linearized differential pair. 

Experimental results 

Figure 6. Micrograph of the IC 

The IC micrograph of the realized I/Q ring oscillator is shown 
in Fig. 6. The internal oscillator signal swing is made 250 
m.lippak by setting I L ~ ~ ~ ~  to 12 mA, which was found opti- 

mum for maximum CNR. Making Ilevel smaller will result in a 
higher oscillation frequency but smaller CNR. The active chip 
area of the RC oscillator with VI-converter is less than 0.13 
mm'. Total chip area including bond pads is 1.5x1.5 mm'. 
The power dissipation of the total IC is 230 mW of which 75 
mW is dissipated by the VCO core. The power supply voltage 
is 2.7 V. 
All measurements havc been performed on packaged sam- 
ples (16 pins HTSSOP package). On-chip 50 R I/Q buffers 
provided the quadrature output signals with -20 dBm output 
power. 
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Figure 7 Frequency versus differential tuning voltage 

Measured frequency and CNR versus differential tuning volt- 
age %,,,, are shown in Fig. 7 and Fig. 8, respectively. The 
tuning range is 9.8 GHz to 11.5 GHz which is 16 %. The CNR 
is measured using a spectrum analyzer and rcsults were verified 
with HP3048 phase noise measurement equipment which has 
an accuracy of f 2  dB. Measured CNR at 2 MHz offset is bet- 
ter than 94 dBc/Hz over the complete tuning rangc. Bcst case 
CNR is measured at 9.8 GHz and is 98 dBc/Hz. 
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Figure 8. CNR at 2 MHz offset versus differential tuning voltage. 

Thc power spectrum of the ring oscillator at maximum fre- 
quency is shown in Fig. 9. 

Benchmarking 
Ring oscillators in literature arc realizcd in various IC tech- 
nologies, ranging from CMOS, BiCMOS and SiGe to InP and 
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Figure 9. Oscillator power spectrum at 11.5 GHz 

GaAs implementations. These oscillators are compai-ed with 
the presented quadrature oscillator design. In the comparison 
frequency doubling by making use of multi-phase signals is not 
taken into account. At high frequencies, relatively close to the 
f t  both CNR and oscillation frequency should be benchmarked 
as they are exchangeable. Lowering the oscillation frequency 
will increase the internal signal swing (because the gain per 
stage increases) and will thus improve the CNR. This effect 
is in addition lo the first order dependence of the CNR on the 
oscillation frequcncy (CArR - l,/f28c). 

The CNR is benchmarked using the figure of merit in Eq. 3 
[ 141. Although CNR,,,,, neglects second order effects (e.g. 
increased influence of parasitics at high frequencies) which 
makes it in practice difficult to realize a high CNR at high 
f o s c /  f t  ratios, i t  does normalize for first order dependency of 
CNR on power dissipation PDC (normalized to 1 mW), CNR 
offset frequency f m  and f,,,,. 

Ref. 

Table 1. Ring os 

2.2 -15 
5.43 - 40 
2.2 18 
1.8 

lator bench 

f o s c l f t  

0.38 
0.36 
0.3 

0.23 
0.2 
0.19 - 0.15 - 0.14 
0.13 
0.1 

irking. 

150.4 

146.8 

150.2 
157.2 
140.7 
153.5 

Table 1 compares realized performance with the previous state 
of the art. Only [2] with fosc/ ft cqual to 0.36 comes close to 
the achieved record of 0.38 but has a normalized CNR which 
i s  70 dB lower compared to the proposed new circuit. 

Conclusion 
A novel quadrature ring oscillator architccture and its imple- 
mentation are presented. The oscillator can be used in ad- 
vanccd optical receivcr architectures for 1 0  Gb/s and beyond, 
using a standard 30 GHz ft BiCMOS IC technology. Carrier 
to noise ratios better than 94 dBc/Hz at 2 MHz offset from the 
9.8-1 1.5 GHz carrier are measured with only 75  mW dissipa- 
tion. A state of the art oscillation frequency over f t  ratio of 
0.38 is realized. The measured VCO tuning rangc is 16 %. 
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