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5-GHz fully differential multifunctional circuit
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“Department of Computer and Communication Engineering, University of Thessaly, Volos,
Greece; *Department of Electrical and Computer Engineering,
University of Patras, Patra, Greece

(Received 13 March 2011; final version received 26 December 2011)

This letter presents a multifunctional circuit realising the functions of oscillation,
frequency multiplication and frequency division at 5-GHz. A theoretical and
experimental description of the circuit is given. The injection signal, which is used
to stabilise the oscillation, is at a sub- or super-harmonic of the oscillation
frequency having a power level as low as —30dBm. Calculations and measure-
ments of the phase noise are reported which indicate a phase noise improvement.
The implementation of the circuit exhibits a phase noise of —110dBc/Hz at
100 KHz offset whereas the improvement depends on the relative noise of the
injected signal.

Keywords: phase noise; injection locking; oscillator; frequency divider; frequency
multiplier

1. Introduction

Configurable and reusable Radio-Frequency circuit blocks performing the functions of
oscillation, frequency multiplication and frequency division have become an attractive
alternative in terms of chip area, power consumption, cost and design time. One of the
effective ways to build such a circuit is to use the injection locking technique. Injection
locking is an approach to lock the state of a free-running oscillator by injecting an external
signal of low phase noise. The frequency of the external signal must be within the
operating frequency range of the oscillator at a fundamental, a sub-harmonic
(sub-harmonic injection-locked oscillator (ILO)) or a super-harmonic of the required
output frequency (super-harmonic ILO). Their reduced size and small consumption
permits their use in applications such as active phased array antennas or in injection-
locked phase-locked loops. Various architectures have been proposed for injection-locked
frequency dividers (Rategh and Lee 1999; Cho, Tsai, Hung, and Liu 2008; Jin, Yu, Zhou,
and Yan 2008), ILOs (Deng and Niknejad 2006; Mazzantia and Svelto 2006), and
injection-locked frequency multipliers (Lin, Karasiewich, Cifctioglu, and Hui 2008; Hara,
Sato, Murakami, Okada, and Matsuzawa 2009; Monaco, Borgarino, Svelto, and Mazzanti
2009; Wu, Chen, and Lo, 2009; Jang, Chen, Liu, and Juang 2010).

In this study, the design and experimental results of a novel multifunctional circuit are
presented. The same circuit provides all the above-mentioned functions using the injection
locking techniques. We extend our previous work, were we reported the experimental
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results of a 5-GHz sub-harmonic ILO and self-oscillating mixer with a single-ended
architecture and discrete components (Plessas, Papalambrou, and Kalivas 2008).

We use a -2, or a +4 sub-harmonic and an x2 super-harmonic signal, for stabilising
the oscillation signal by injection. It should be mentioned that all three functions have not
been previously implemented using the same function block.

A novel analysis is given to determine the phase noise performance of sub- or super-
harmonic ILOs. Calculation results using the derived formula for the locking range and
phase noise are presented. In addition, detailed experimental results are also provided.
Section 2 describes the proposed circuit and presents the phase noise analysis, followed by
implementation and measurement results in Section 3. In Section 4, summary and
conclusions are presented.

2. Circuit and simulation

The proposed multifunctional circuit is composed of a differential Colpitts-based voltage
controlled oscillator (VCO) and an enhanced biasing circuit as shown in Figure 1. The
oscillator can function as a: (a) free-running oscillator, (b) sub-harmonic ILO (frequency
multiplier) or (c) super-harmonic ILO (frequency divider) depending on the applied signals
at the input. The injection signal is applied at the collectors of Q; and Q», whereas Qs and
Qg serve as output buffers.

A new analytical formulation for the phase noise calculation of sub-harmonic ILOs is
presented together with the equivalent model for the noise contribution. The analysis is
based on the approach given in Chang, Cao, Mishra, and York (1997) for fundamental
ILOs where a discrete MESFET VCO implementation has been used to validate the
accuracy of the introduced model. In contrast to Chang et al. (1997), we study the noise
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Figure 1. The schematic of the proposed multifunctional circuit.
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behaviour of sub-harmonic injection-locked VCOs and the proposed theoretical analysis
has been applied (for /2 and /4 sub-harmonic and x2 super-harmonic injection locking) to
a bipolar differential Colpitts oscillator implemented in a 0.5pm SiGe BiCMOS
technology.

As shown in Figure 2, the noise from the tank and the —G,, cell can be represented as a
noise admittance Y,gise = Gnoise +/Bnoise: 1The normalised admittance Y, =G, + /B, is
defined with G, = G0is/G . and B, = Bpoise/ G, Where G is the oscillator load admittance
in the free-running state. The terms G, and B, describe the in-phase (amplitude
fluctuations) and the quadrature (phase fluctuations) component of the noise signal,
respectively. In the absence of injection —G,,, (negative conductance) cancels Gt (loss of the
tank) and therefore the phase noise is given by Chang et al. (1997):

o Bl
20w/wy)*

where w is the free-running frequency and Q the quality factor of the oscillator.
If the oscillator is injection locked to an external signal, the phase relationship between
the oscillator and the injection source can be described as:

1660 (D

= 00— 52 psin® — miin) — 52 B,(0) 0
where 6, Vi, are the instantaneous phases of the oscillator and the injection signal,
respectively, wo the free-running frequency, Q the quality factor of the oscillator, n an
integer for the sub-harmonic factor and p the normalised injection strength. It should be
noted that in sub-harmonic injection (/n), the oscillator locks onto the nth harmonic of the
injection signal (called synchronising signal) introduced by the nonlinearities. If Vij,; , is the
amplitude of the nth harmonic and V), the amplitude if the free-running oscillator then
P = Vinj_n/VO-

If a steady-state solution can be found such that d6/d¢ = nw;,; which indicates that the
oscillator is synchronised to the injected signal. Under this assumption, it follows that:

0 — s = sin” ' [(wo — nwinj) /A, ] 3)

where Aw, = (wO/2Q)(Vinj_n/V0)-

The oscillation signal (f.) can be tuned using V... However, when sinusoidal noise is
added both to the oscillator and the injection signal, the instantaneous phase of the
oscillator and the synchronising signal will be 6480 and i,j+ 8Ynj, respectively.
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Figure 2. Oscillator model used for modelling the phase noise.
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Figure 3. The microphotograph of the proposed circuit.

Neglecting the phase perturbation introduced during the harmonic generation process, (2)
becomes the perturbed equation:

dése wo wo

VT EPCOS(Q — nYinj)(86 — névrinj) — EBn(t) 4)
Next, the Fourier transform is calculated to obtain the expression for the total phase noise
perturbation:

50 = — Bn + npcos (9 — nwinj)g"yinj (5)
J(52) + peos© = npiny) - j(52;) + poos 6 = n)
where w3qp = 55
Multiplying by the adjoint §©*, the phase noise spectral density is given by:
( )2|3® ? 2
P 0 1" p* cos? (0 — nrini)| SWin;
150 2= ; 348 o . ( v J)} J| (6)
() +r2cos2 @ —ny)  (525) +0% cos? (6 — miny)
where [80|°= _IBP

T (ofoys) S . . .
To derive the above expression, it has been taken into account that the input noise is

uncorrelated to the oscillator noise. We can easily derive the expression for the phase noise
performance in super-harmonic injection after substituting n by 1/n in Equation (2) and
therefore in Equation (6).

3. Measurement results

The main objective of the implementation was to verify the functionality of the circuit and
the validity of the proposed analysis. For this purpose, the choice of the mature 0.5-pm
SiGe BICMOS technology was adequate. Figure 3 shows a microphotograph of the
implemented (through the MOSIS fabrication service) circuit.

The tuning range is from 4.34 to 5.33 GHz as the control voltage is increased from 0 to
2V, and the locking range is from 3.7 KHz to 5.5 MHz when the input power is varied
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Figure 4. The phase noise performance of the proposed circuit.

from —45 to 0 dBm. The measured phase noise of the free-running oscillation signal was
equal to —73.3dBc/Hz at 5SKHz.

The measured, together with the computed phase noise profile, based on Equation (6),
is shown in Figure 4. For the computation, the measured phase noise of the free-running
oscillator and the measured phase noise of the 1.25 GHz reference signal have been used.
After applying an injection signal at 1.25 GHz with a —50 dBm power level, a considerable
phase noise reduction of the proposed circuit was measured at low frequency offsets as
shown in Figure 4. The phase noise improvement is 16dB at 1 KHz and 3dB at SKHz
(s-ILO /4). The calculations and measurements of the phase noise levels are in relatively
good agreement. Further improvement of 21 dB at 1 KHz is obtained when a 2.5 GHz
signal at —45dBm is injected at the input (s-ILO /2). In the injection-locked frequency
division mode, when a 10 GHz signal is applied, the phase noise of the output signal is 6 dB
lower than that of the input signal and 32 dB lower than that of the free-running signal at
1 KHz (s-ILO *2). Finally, the measured power consumption is only 27mW using a 3V
supply, and requires a 0.25 mm? total die area.

4. Conclusions

In this study, a multifunctional circuit was proposed realising a variety of different modes
of operation including oscillation, fundamental, sub-harmonic and super-harmonic ILO.
Experimental results demonstrated high performance operation in all modes of the
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implemented circuit at 5GHz. Furthermore, in order to stabilise the oscillator and
improve the phase noise by 20 dB at 5-KHz a sub-harmonic of the free-running oscillation
frequency at 1250 MHz with —50dBm of power level was used. An injection signal at
2.5GHz can be also applied giving a phase noise reduction of 20dB at 1 KHz. When
configured as a frequency divider by 2 (10 GHz input/5 GHz output), it improves the phase
noise of the injected signal and the free-running VCO by 6 and 32dB at 1KHz,
respectively. The power consumption for all the operations is only 27 mW. All the above
demonstrate a novel, multifunction front-end component with low power consumption,
suitable for integration in high-performance radio transceivers.
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