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X-band and K-band low-phase-noise VCOs using SiGe BiCMOS technology

From the past two decades, SiGe transistors have been identified as excellent candidates to match requirements both for high purity signal generation and high frequency applications. Moreover, SiGe BiCMOS technology takes benefit of CMOS devices that allow high integration levels for Monolithic Microwave Integrated Circuits (MMIC) Phase Locked Loop (PLL) systems. This work focuses on the only analog circuit of a PLL: the Voltage Controlled Oscillator (VCO) is one of the key stone of a transceiver, because its stability mainly influences the data rate of the channel. X-band and K-band VCOs are investigated. Design rules are thus compared for two different topologies in the X-band. K-band VCO is also designed to assess the technology behavior for higher frequencies. State of the art results are obtained and compared with the best published performances to date. New expressions of Figures Of Merit (FOM) are proposed to provide an accurate comparison between designs featuring scattered performances.

Introduction

BiCMOS SiGe technologies offer great opportunities due to the high integration level with both analog and digital circuits operating at high frequencies, and also base-band modules matched to modern telecommunication systems' requirements. Moreover, the high performance (low noise, high operating frequency,…) associated with the relative low-cost gives advantage to such technologies in comparison with III-V foundries. The low frequency flicker noise (1/f) of SiGe Heteronjunction Bipolar Transistors (HBT) allows the design of MMIC voltage controlled oscillators (VCO) featuring excellent phase-noise: we present different VCO designs manufactured using the ST-Microelectronics BiCMOS 0.35 µm and 0.25 µm processes for X-band and K-band applications.

The paper is divided in three main sections. In the first part is presented a comparison between the reflection architecture (negative resistance) and the parallel feedback architecture operating in X-band. The second section presents the push-push differential oscillator in K-band. The last section proposes a comparison of this work with state of the art MMIC circuits: a new figure of merit (FOM) is introduced.

X-band VCO: reflection / parallel topologies 2.1. HBT optimum biasing.

As the phase noise of an oscillator close to the carrier is mainly determined by the conversion of the transistor's low frequency noise sources through its non-linear elements, VEB and VCE non linearities have been considered for bipolar devices. From previous work [1], it has been found that emitter-base VEB fluctuations mainly influence the phase noise.

The device's low frequency noise is investigated with direct measurements of the input and output noise current generators. The input noise current generator (referred to as its spectral noise current density SIB) can be expressed as:
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Where IB represents the static base current, AE the emitter area (µm²), and B1/f a coefficient related to the structural quality of the devices (B1/f=4.10 -9 for our devices, close to [2] [3]). The noise floor contribution appears for frequencies between 1 kHz and 10 kHz depending on the biasing and transistor's size.

Simulations are performed using ADS software (developed by Agilent), and the optimum biasing quiescent point is determined both for the base current IB and collector voltage VCE using a specific method based on the pushing factor simulation [4]. As transistor LF noise is converted around the carrier, our optimization goal is to reduce the phase conversion coefficient K of the amplifier (mainly due to a formulation as given in equation 2), keeping enough gain to permit the oscillation (even if the quality factor of the resonating tank is expected to be low for a MMIC design).
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K represents the phase sensitivity to low frequency fluctuations of the intrinsic emitter-base control voltage VEB. This study is thus equivalent to the optimization of the pushing factor KP on the EB junction [4]. Excellent agreement is found in comparison with the usual residual phase-noise conversion versus the biasing of the transistor (figure 1). The BiCMOS6G from ST-Microelectronics is used for the designs in X-band.

X-band VCOs performances.

Two VCOs are designed in X-band for a comparison versus the circuit's topology (reflection and parallel architectures). The two architectures are represented in figure 2, where the resonator is designed to improve simultaneously the quality factor and the tuning range. Each circuit makes use of the same HBT device (as the area of the transistor strongly affects the 1/f noise level) for an easier comparison of the topology's impact on the phase noise: it thus provides the circuit designer with useful criteria to sort out the fitted topology to a specific design.

Measurement of the X-band reflection VCO

Figure 3 presents the microphotograph of the reflection oscillator (the chip size is 1.4x1 mm²). The reflection topology benefits from a higher frequency range for the negative resistance, and a higher loaded quality factor of its resonator in comparison with the parallel feedback topology. The serial feedback circuit measured at 11 GHz features a phase-noise of -95 dBc/Hz @ 100 kHz from the carrier as shown in figure 4 (see other performances in table I.).

Figure 3

Microphotograph of the X-band reflection VCO Figure 4 phase noise of the reflection oscillator measured at -95 dBc/Hz @ 100 kHz from the 11GHz carrier.

Measurement of the X-band parallel VCO

A microphotograph of the parallel feedback VCO chip is given in figure 5 (the chip size is 1.2x1 mm²).

Figure 5 Microphotograph of the X-band parallel feedback VCO

The oscillator features an oscillation frequency of 11GHz for a 0 V control voltage and the frequency tuning is about 500MHz wide for control voltage from 0 to 3.6 V. On wafer and packaged characterization have been performed for the phase noise measurements. For spectral purity characterization, home made phase noise measurement set-up has been used. This bench is a delay line discriminator, which uses a cross-correlation technique: this measurement technique reaches a noise floor of -145 dBc/Hz at 100 kHz offset frequency (X-band). The measured parallel VCO phase noise has been found to be about -85 dBc/Hz at 100 kHz offset as shown in figure 6 for a 3.3 V bias voltage. The cutoff frequency between the 1/f 3 and 1/f 2 phase noise (respectively related to 1/f noise conversion, and white noise conversion) is measured at 1.3 kHz (the simulation gives fc=2 kHz from low frequency noise spectrum). The phase noise variation with the transistor biasing is given for two different frequencies from the carrier in figure 7: these two frequencies are associated with two different phase noise behavior featuring 1/f 2 and 1/f 3 frequency dependency (figure 6). At 100 kHz from the carrier, the improvement of phase noise with a higher biased transistor is obvious. This is correlated to the improvement of the pushing factor KP described in the previous section.

Measured and simulated phase noise performance at 10 Hz and 100 kHz offset versus biasing voltage VCC, with IB-DC≈VCC/RB and RB = 14 k However, at 10 Hz the phase noise is attributed to the 1/f low frequency noise conversion source and also to the previous Kp conversion. The converted 1/f source is known to be proportional to the base current, whereas the KP factor decreases with the base current. This results in a quasi constant phase noise level with VCC at 10 Hz from the carrier.

K-band VCO: differential push-push topology

A Colpitts differential push-push VCO is designed with the BiCMOS7RF (0.25µm) process from ST Microelectronics. A microphotograph of the K-band VCO is given in figure 8.

Figure 8

Microphotograph of the K-band VCO.

The two balanced architectures from figure 9 and figure 10 take advantage from the immunity versus electromagnetic interferences, from the supply bias decoupling (not represented for the bases of the transistors in figure 10), and from the 3dB enhancement of the output power. The advantages over usually used topologies also address the phase noise improvement, and negative resistance broadness. These two main topologies featuring anti-phase output signals are the cross-coupled VCO (figure 9) and the push-push VCO [5] (figure 10). In the cross-coupled oscillator scheme (figure 9), each collector node is connected to the base of the other transistor, introducing additive delay time and reducing the operating frequency over that of figure 10. This leads to an adjustment of the transistor sizing to a smaller surface (higher low frequency noise), so that the transistor choice is now closely bound to the architecture, increasing the design complexity. On the contrary, the architecture of figure 10 does not introduce such a delay time, and allows one to operate with higher base area, and lower low frequency noise for a given oscillation frequency. Moreover, the L-C resonator on figure 9 is heavily loaded by the oscillator output, reducing the loaded quality factor (QL). In figure 10, the L-C tank is connected to the emitter, and the serial feedback can be adjusted both for single-side-band (SSB) noise reduction, and for improved loaded L-C network quality factor.

Figure 11 Measured spectrum at 19 GHz featuring phase noise of -90 dBc/Hz (@100 kHz) and -4 dBm output power.

The phase noise is measured with a spectrum analyzer (figure 11, on wafer measurements). This VCO can be used on a single output (single ended when the second output is terminated with a 50  load), or in a differential configuration according to the circuit to which it is connected. The K-band push-push differential oscillator is measured with a single-ended phase noise of -90 dBc/Hz (@ 100 kHz from the 19 GHz carrier).

Comparison versus state of the art SiGe MMIC using a new FOM expression

From Table I, the push-push VCO phase noise performance is among the best published results: in bold are the best results using the Leeson's formula (phase noise), the usual FOM (equation 3), or this paper's FOMPout-tune (equation 4).

The figure of merit using the 'usual' FOM (equation 3) is -183 for the negative resistance based VCO (section 2), whereas a 'usual' FOM of -168 is obtained for the parallel oscillator (section 2). 
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Considering the proposed new FOMPout-tune from expression (4), the value for the parallel oscillator remains at -168 and the reflection topology new figure of merit is -189. These performances are reported in the table I below, and compared favorably (using the phase-noise Leeson's formula, and other FOMs figures) with the best SiGe based MMICs VCOs, to the authors' knowledge: the proposed FOMPout-tune computed for the reflection topology design in Xband is very close to the best results published by Li in [5]. The 'usual' FOM in [5] is impressively improved when applying the new proposed one FOMPout-tune because of the large tuning range and relatively high output power. Some other publications [6][7] suffer from the proposed FOMPout-tune formulation (bad tuning range or output power). Result from [8] is very close to that of our X-band reflection topology result (figure 3) for the Leeson's phase noise expression but the lower performances on the tuning range and output power is not favorable for the other FOMs expressions.

Actually, the proposed FOMPout-tune takes account for the resonator quality factor: a reduced tuning range allows the use of inductors featuring higher quality factor, so the phase noise improves. Moreover, a lower DC power can also improve the 'usual' FOM (according to the -10.log(PDC) correction), but needs a high gain buffer stage (DC consuming). For the two last reasons, the new FOMPout-tune can be more efficient than the 'usual' FOM to compare VCOs. 
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Conclusions

X-band and K-band VCOs MMIC using BiCMOS processes have been presented. Excellent low-phase noise performances are obtained thanks to a matched design procedure based on the transistor size and biasing conditions. A comparison of architecture (X-band work) is also proposed for circuit designers. Lastly, a new figure of merit is introduced to better account of additive parameters such as the tuning frequency range and the output power.

  Figure 1a -1b pushing conversion factor (a) and phase noise (b) simulations versus biasing voltage VCC for the negative resistance VCO.

  Figure 2a -2b electrical schematics of the X-band VCOs using reflection (a) and parallel (b) topologies.

Figure 6 Measured

 6 Figure 6

Figure 9

 9 Figure 9 Cross-coupled topology Figure 10 This work's balanced push-push topology, based on [5]

Table 1 .

 1 Best published Low-Phase Noise VCO's Figures Of Merit (FOM) of SiGe MMIC

		[5]	[6]	[7]	[8]		This work	
						VCO	VCO	VCO
						Fig. 3	Fig. 4	Fig. 8
	Oscillation	46	36.8	33	21.5	11.2	11	19
	frequency (GHz)							
	Frequency tuning	26	6.8	2.2	5	11	4.5	12
	(%)							
	Pout (dBm)	-4	-14	-17	-6	-5	-4	-6
	Phase noise (@1	-110	-99	-99	-113	-115	-103	-110
	MHz)							
	'Usual' FOM	-179	-171	-185	-179	-183	-168	-176
	FOMPout-tune	-201	-164	-170	-178	-189	-168	-182
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