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Abstract — this paper presents an 8.7-13.8 GHz 

transformer-coupled varactor-less quadrature current-

controlled oscillator (QCCO) RFIC. It incorporates a 

transformer-coupled technique and tuned by varying the 

operation current through the primary and secondary 

windings. Fabricated in a 0.13 µm SiGe BiCMOS process, 

the prototype QCCO achieves a 45.3% wide tuning range. 

With two stacked octagonal transformers the QCCO core 

circuit occupies 0.4 × 0.5 mm
2
 chip area and draws 8-18 

mA current under a 1.8 V power supply. The measured 

phase noise is about -86.83 dBc/Hz at 1 MHz offset 

and -110 dBc/Hz at 10 MHz offset with 11.02 GHz 

quadrature outputs. The QCCO achieves a phase noise 

figure-of-merit of -154 dBc/Hz. 

Index Terms — transformer-coupled VCO, varactor-less 

VCO, current-controlled oscillator, QCCO, transformer, 

SiGe 

I. INTRODUCTION 

     Quadrature signals are widely used in the wireless 

transceivers as local oscillator (LO) to generate the up- 

and down-conversions with image-reject mixing. There 

are several ways to generate quadrature signals. A 

frequency divider can be used to divide a higher 

voltage-controlled-oscillator (VCO) output to a 

quadrature phase output. Divided-by-four is usually 

used because the divided-by-two method requires a 50% 

duty cycle for the VCO output. However, the divided-

by-four method requires a higher VCO frequency 

output which result higher power consumption. A VCO 

followed by a passive poly-phase complex filter can be 

used to generate the quadrature outputs as well. 

However, the output has poor phase accuracy for wide 

band input, large loss that requires power-hungry 

buffers to boost the LO magnitude. At high frequency, 

poly-phase filter is very difficult to implement because 

the reduced component values that are more sensitive to 

the process variations and parasitic influences. Cross-

coupling two single phase LC-VCO architectures are 

widely used to generate a quadrature output at high 

frequency. This technique provides wide-band 

quadrature accuracy and superior phase noise 

performance. 

There are various ways to couple the two VCOs and 

lock their oscillation frequency. The most common 

quadrature VCO (QVCO) topology shown in Fig. 1 

utilizes the parallel coupling proposed by Rofougaran et 

al. [1]. The parallel VCO (P-QVCO) delivers 

quadrature signals with low phase and amplitude errors, 

yet has a narrow tuning range with the tuning limit of 

the varactor. A series QVCQ (S-QVCO) has been 

proposed using both MOS and HBT transistors in [2] 

by connecting the coupling transistors in series. It 

reduces the noise from the cascade devices and 

provides better isolation between the VCO output and 

its current sources. However, the S-QVCO also suffers 

from a narrow frequency tuning range because of the 

varactor’s small tuning capability. A magnetically 

tuned quadrature oscillator has been reported by 

Cusmai et al. and the output frequency can be tuned 

from 3.2 GHz to 7.3 GHz [3]. Modern communication 

and radar systems require quadrature signal generation 

at X- and Ku-bands with wide tuning range for the 

frequency source used in phase-locked-loops (PLL) or 

direct digital frequency synthesizers (DDS) [4][5]. An 

8.7-13.8 GHz transformer-coupled varactor-less 

quadrature current-controlled oscillator (QCCO) is 

presented in this paper. It is used the same mechanism 

as [3] but has a higher frequency output. 

 
Fig.1. Quadrature VCO circuits with parallel 

coupling. 

II. CIRCUIT IMPLEMENTATION 

The varactor-less QCCO presented here is a 

transformer-coupled current-controlled LC oscillator 

that utilizes SiGe HBTs for oscillation and current 

tuning. The NPN HBTs achieve very high oscillation 

frequency and low phase noise. The proposed QCCO 

circuit is illustrated in Fig.2, in which two pairs of 

cross-coupled NPN HBTs T1, T2 and T3, T4 are used 

I+ I-

Q+ Q-

VCC

Vtune Q+ Q-

I- I+

VCC

Vtune

63978-1-4244-4896-8/05/$25.00 ©2008 IEEE

IEEE BCTM 4.5

Authorized licensed use limited to: Auburn University. Downloaded on February 1, 2010 at 19:05 from IEEE Xplore.  Restrictions apply. 



to generate the negative resistance for in-phase CCO (I-

CCO) and quadrature phase CCO (Q-CCO) output 

respectively. Another two pairs of NPN HBTs T5, T6 

and T7, T8 are used to provide the tuning currents for 

the transformers. All the HBTs operate near the peak fT 

bias current in order to maximize the switching speed. 

Fig. 3 shows an AC equivalent circuit of one of the I-

CCO or Q-CCO. All the description below takes I-CCO 

as an example, since the Q-CCO has the same structure. 

The primary winding of the transformer have the same 

function as the LC-tank in the conventional LC coupled 

VCO. -1/gm is generated from the cross-coupled 

transistor pair T1 and T2. cp and rp are the total parasitic 

resistance and capacitance of the primary transformer 

winding. The secondary winding parasitic devices do 

not show up since they have little effect on the CCO 

output. To achieve high frequency, no extra capacitor or 

varactor is used. From Fig. 3, the output voltage Vo of 

the I-CCO equivalent circuit can be expressed as 

 
Vo = j!LpIcore + j!MItune

= j!Icore(Lp + ®M)
, (1) 

where ®= Itune=Icore . M is the mutual inductance 

between the primary and secondary windings. It can be 

positive or negative depending on the relative current 

direction. Thus, the effective inductance for the 

oscillation tank is given by 

 Leff = Lp +®M. (2) 

For either I-CCO or Q-CCO the oscillation frequency 

can be found as 

 fosc =
1

2¼
p

(Lp + ®M)cp
. (3) 

By changing the tuning current Itune, α will be changed, 

so does the oscillation frequency of the QCCO output. 

Because α can be tuned arbitrarily by the QCCO core 

current and turning current, and can be negative or 

positive, the ideal oscillation frequency can be tuned 

from very small to infinity corresponding to α equal to 

positive infinity and -Lp/M. So the QCCO output 

frequency can be very widely tuned with carefully 

selected devices and current ratios.  

 

 
Fig.2. Schematic of transformer-coupled varactor-less 

QCCO. 

 
Fig.3. AC equivalent circuit of the transformer tank.  

 

To increase the tuning capability with small tuning 

current, transformer need to be carefully designed to 

maximize mutual inductance. A stacked octagonal 

transformer, which has the maximum mutual 

inductance in theory, is designed to reduce the magnetic 

flux leakage. Fig. 4 shows the drawing diagram of the 

stacked transformer. The stacked transformer has the 

best magnetic coupling. In this SiGe process, top metal 

layer is much thicker than any of other metals and 

staying farthest to the substrate. It is thus used to 

fabricate the primary winding in order to achieve a 

better quality factor (Q). The second metal layer is used 

to fabricate the secondary windings. Both top and 

second metals are carefully designed to have lower 

sheet resistance than other metals in the chosen 0.13 

µm SiGe process. Both the primary and secondary 

windings are 10 µm wide and have two turns with 

diameter of 200 µm. The two windings are exactly 

overlap and the winding wire space is 5 µm between 

the two turns. At low frequencies, the Q of the inductor 

is limited primarily by the resistance of the metal layer. 

At high frequencies, Q degradation is dominated by the 

loss mechanisms caused by the substrate [1]. To 

minimize the Q dependence on the substrate resistivity, 

the transformer is placed on top of a lattice of highly 

resistive deep trench (DT) isolation layer to minimize 

the current injected into the substrate.  

 

 
Fig.4. Octagonal stacked transformer. 
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Fig. 5 shows the full AC equivalent circuit of the 

varactor-less QCCO. If we take T5, T6 and T7, T8 

as -Gm amplifiers, Fig. 5 can be further simplified to 

Fig. 6. Fig. 6(A) shows the transformer in-phase case of 

the QCCO. Fig. 7(B) shows the transformer anti-phase. 

Regardless in-phase or anti-phase, conclusion can be 

drawn that quadrature frequency output will be 

generated. 

 

 
Fig.5. AC equivalent circuit of the varactor-less 

QCCO. 

 

 

 
Fig.6. Equivalent circuits of the varactor-less QCCO. 

III. MEASUREMENT RESULTS 

The transformer-coupled varactor-less QCCO was 

fabricated in a 0.13 µm SiGe BiCMOS process, with 

the chip die photo shown in Fig. 7. The QCCO core 

area is 0.5 × 0.4 mm2. As shown in the die photo, the I-

CCO and Q-CCO are symmetrically placed. The layout 

is also optimized to lower the effect of layout parasitic 

on the QCCO performance including the harmonic 

distortion and phase noise. The QCCO is tested in the 

package of CLCC-28. A buffer is included on-chip in 

order to drive 50 Ω load provided at the input of a 

spectrum analyzer or a digital oscilloscope. Due to the 

limitation of the test set up, all the test results were 

measured based on the single output, although the 

QCCO has full differential frequency output capability. 

Single-end testing ends up with worse phase noise and 

I-Q mismatch. 

 

 
Fig.7. Fabricated QCCO RFIC die photo. 

 

A wide tuning range of 45.3% is achieved with the 

tuning current Itune tuned from 0.4 to 2.9 mA and the 

QCCO core current Icore tuned from 1.2 to 5.5 mA. The 

measured QCCO turning range is given in Fig. 8. It 

shows continuous tuning range from 8.7 to 13.8 GHz. 

Fig. 9 shows the measured quadrature outputs. The 

quadrature output frequency is 11.5 GHz. 

 

 
Fig.8. Measured QCCO tuning range. 

 

 
Fig.9. Measured QCCO outputs at 10.5 GHz with 

tuning current of 1.5 mA and core current of 2 mA. 
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The measured phase noise with an 11.02 GHz output 

frequency is shown in Fig. 10. With the single-end test, 

the transformer-coupled varactor-less QCCO 

achieves -86.8 dBc/Hz phase noise at 1MHz offset 

frequency and -110 dBc/Hz at 10 MHz offset 

frequency. A widely accepted figure-of-merit (FOM) 

for VCOs is quoted here from [6]. The FOM takes into 

account output frequency, phase noise performances 

and power consumption. 

FOM = L(¢f)¡ 20 log

µ
f0

¢f

¶

+ 10 log

µ
Pdiss

1mW

¶

 
where L(Δf) is the phase noise at the offset frequency Δf 

from the carrier frequency f0. Pdiss is the power 

dissipation. The FOM of this transformer-coupled 

varactor-less QCCO is calculated as -154 dBc/Hz. 

TABLE I summarizes the measured results of the 

transformer-coupled varactor-less QCCO. It achieves 

45.3% wide tuning range and the core circuit occupies 

0.4 × 0.5 mm2 chip area in a 0.13 µm SiGe BiCMOS 

process. It draws 8-18 mA current over the tuning range 

under a 1.8 V power supply. TABLE II compares the 

frequency, tuning range, power consumption and phase 

noise for several variable-frequency oscillators. 

Compared to [1] and [2], the proposed oscillator has a 

much higher frequency and tuning range. Compared to 

[3], it has higher frequency, yet a worse phase noise. 

 

 
Fig.10. Measured QCCO phase noise. 

VII. CONCLUSION 

A transformer-coupled varactor-less wide tuning 

QCCO is presented in this paper. It achieves 45.3% 

wide tuning range by tuning the oscillator currents 

flowing through the primary and secondary winding of 

the stacked octagonal transformers. The prototype 

QCCO is fabricated in 0.13 µm SiGe BiCMOS 

technology and the core circuit occupies 0.4 × 0.5 mm2 

chip area. It draws 8-18 mA current under a 1.8 V 

power supply. The measured phase noise of the single-

end output is about -86.8 dBc/Hz at 1 MHz offset 

and -110 dBc/Hz at 10 MHz offset with a 11.02 GHz 

quadrature output. The phase noise FOM of this 

transformer-coupled QCCO is -154 dBc/Hz. 

 

TABLE I 

QCCO PERFORMANCE SUMMARY 

Process 0.13 µm SiGe BiCMOS 

Supply voltage  1.8 V 

Oscillation frequency  8.7-13.8 GHz 

Tuning range  45.3% 

Core current  8-18 mA 

Buffer current 8 mA 

Phase noise @ 1MHz -86.8 dBc/Hz 

Phase noise @ 10MHz -110 dBc/Hz 

QCCO area  500 µm × 400 µm 

FOM  -154 dBc/Hz 

 

TABLE II 

PERFORMANCE COMPARISON OF VARIABLE-

FREQUENCY OSCILLATORS  

Ref Frequency 

[GHz] 

Tuning 

Range 

Power 

[mW] 

Phase Noise 

[dB] 

[1] 0.9 17% 30 -110@1MHz 

[2] 4.3-5 14.6% 19.8 -115@2MHz 

[3] 3.2-7.3 67% 7.2-24 -120~ 

-135@1MHz 

This 

Work 

8.7-10.8 45.3% 14.4-

32.4 

-86.8@1MHz 

-110@10MHz 

REFERENCES 

[1] A. Rofougaran, J.Rael, M.Rofougran and A. Abidi, “A 900 

MHz CMOS LC-oscillator with quadrature outputs,” Proc. 

IEEE int. Solid-State Circuits Conf. (ISSCC), Feb. 1996, 

pp.392-393. 

[2] V. Kakani, Foster Dai, R.C. Jaeger, “A 5GHz BiCMOS 

quadrature LC VCO with wide tuning range,” IEEE 

Bipolar/BiCMOS Circuits and Technology meeting (BCTM), pp. 

138-141, October 2006. 

[3] G. Cusmai, M. Repossi, G. Albasini, A. Mazzanti and F. Svelto, 

“A magnetically tuned quadrature oscillator,” IEEE Journal of 

Solid-State Circuits (JSSC), vol. 42, no. 12, pp. 2870-2877, 

Dec., 2007. 

[4] X. Yu, F. F. Dai, J. D. Irwin and R. C. Jaeger, “A 12GHz 1.9W 

direct digital synthesizer MMIC implemented in 0.18 µm SiGe 

BiCMOS technology,” IEEE Journal of Solid-State Circuits, 

vol. 43, no. 6, pp. 1384-1393, June 2008. 

[5] X. Geng, X. Yu, F. Dai, J. D. Irwin, and R. C. Jaeger, “An 11bit 

8.6 GHz direct digital synthesizer MMIC with 10-bit segmented 

nonlinear DAC,” 34th European Solid-State Circuits 

Conference (ESSCIRC), Edinburgh, Scotland, U.K., September, 

2008. 

[6] P. Kinget, Integrated GHz Voltage Controlled Oscillators, 

Kluwer Academic Publishers, New York, 1999. 

66

IEEE BCTM 4.5

Authorized licensed use limited to: Auburn University. Downloaded on February 1, 2010 at 19:05 from IEEE Xplore.  Restrictions apply. 


