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SiGe HBT Nonlinear Phase Noise Modeling —
X-band amplifier design

Sébastien Gribaldé'*, Laurent Bary#?, and Olivier Llopis#?
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Abstract— A nonlinear noise model of a SiGe bipolar transistor on the base (or a high value capacitance). In this case, it is
is presented. This model includes a nonlinear noise sourcend  the input voltage noise which has a predominant effect on the
is able to predict the noise conversion phenomena in circlt ,paqe nojse, Results obtained in this configuration dematast

using this transistor such as oscillator phase noise. It is dsed .
on two main low frequency noise sources, which are extracted & clear dependence of the base LF voltage noise source to the

thanks to noise measurements under large RF signal superpo- Microwave input power.

sition. An original low phase noise X band amplifier is also . - .
presented. This amplifier features a phase noise performaecof A first model based on an extrinsic voltage noise source has

—160 dBrad? - Hz~* at 10 kHz offset frequency together with a been proposed [5], in which this noise source was parameter-

low consumption of 50 mw. ized by the microwave input power. However, for more precise
Index Terms— phase noise, nonlinear modelling, SiGe HBT ~ Circuit optimization, an intrinsic nonlinear noise moadeli

approach is required, and different models of this type have

been proposed recently [6], [7], [8]. The technique desatib

in these papers is based on the mapping of the noise sources

spectral density versus the bias current. Then this mapping
Microwave sources phase noise is an important parameteed to extract the equations describing the nonlineantmha

for many applications. It determines the quality of a teteeo of the different noise sources in the transistor.

munications link, the sensitivity of a radar or may be the . . . . .
L : y y Our approach is close to this type of modeling but differs in
absolute limit in a physics measurement. . ;
e e . _the parameters extraction technique. The RF power depéenden
However it is difficult to model accurately the phase noise, ™ ! . . :
o . . .€quivalent input voltage noise data is used to extract the
because it is the result of a complex interaction of manyenois ™ . . . S
: ; . o : nlinear LF noise sourcé;.. Contrarily to the multi-bias
sources in a nonlinear behavior. It is is mainly the result o

: . : approach, this technique is based on the observation of the
two mechanisms: the up conversion of the LF (low frequency al nonlinear behavior of the noise. Indeed in some cases

'?ﬁls(?agtngntehehazdggg)nn d(:sé?igegFin(rjc,lghagetgue;cgs n[(l)isiﬁ noise spectrum can be much different in nonlinear regime
' P pap ' than in the quiescent state [9]. Thus, in these cases thé mult

It can be modeled using the HF noise sources (thermal blas approach fails in describing the noise spectrum shape

Schottky) and a precise enough nonlinear model of the device ‘

Our investigations have thus been focused mainly on the upThen this nonlinear LF noise source is included in the

conversion of the LF noise [3], [4], and on its dependence eransistor electrical model, in which also tifg, LF noise

Pry (input microwave power). source is added (this one being a classical bias depengdgnt
This paper extends a previous study [5] based on equival@oise source).

extrinsic noise sources measured at different microwapetin o ) )

powers on the device. This approach has led to excellent "€ Phase noise is simulated using Agilent ADS software

results to predict amplifier or oscillators phase noise,tbat @nd the complete model is compared to the residual phase

transistor was supposed to be placed in the same HF I}ise data, with various microwave |nput power levels. The

conditions in the final device as the ones used for noisknulated phase noise compare well with the measured phase

characterization and modelling. noise, bqth for high impedance and low impedance bias on
Firstly, a measurement of the base emitter current noig¥ transistor base at low frequency.

power spectral density;, has been performed versus the Then an amplifier design is presented. The goal was to
microwave power. This noise source has been found 10 Bgsign an X band amplifier with sufficient gain to sustain
independent of’;y. However, the effect of the base-emittegy oscillation on a resonator with a middle range cou-

current noise can be cancelled using a low impedance biﬂﬁ’lg factor (typically, 6 dB losses) and featuring the best

possible phase noise performance. Our amplifier provides
8.6 dB gain at10 GHz and a phase noise performance of
2 — —164 dBrad’ - Hz™! for a 100 kHz offset frequency. The
LAAS-CNRS, University of Toulouse different optimizations steps performed during the design
7 av. du Colonel Roche discussed. To conclude, an overview of the different applic
31077 Toulouse Cedex 04 — FRANCE : ’

* S. Gribaldo is today with Thales Alenia Space, Toulouse  tions of this amplifier type is given.

I. INTRODUCTION
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: : , _ can be considered as constant (or simply bias dependent, in
Fig. 1. Input current noise spectral densfty, for three different microwave . . . .
power levels onto50 Q @ 3.5 GHz, Quiescent biasVoy = 2 V and OUr model). This constartl;,, differs from the nonlinear noise

Ic =10 mA models already published for the GaAs devices. This impbrta
property may be specific to Silicon deviceg,, corresponds
to a physically well localized noise source in the transjsiod

s is not very sensitive to nonlinear effects. It is the preperadt
RS ' ' noise source in an oscillator when the transistor is biasathu

a high impedance bridge on the base.

e \\/\ | 3 These measurements explain why, under these conditions,

the classical LF noise models (SPICE) predict with a reddyiv

3 good accuracy the phase noise of an oscillator or an amplifier

(at least for Silicon devices).

1E-16 |

Input Low Frequency noise (V*/Hz)

1EA7 | -~ 3 However, if one chooses to short circuit this noise source
— Py=0dBm i using a low impedance bias on the base (or, more easily,
T i using a high value capacitor), the contribution of this rois
—P,=20dBm source becomes weak compare to the other noise sources in
10 , , , the device: voltage fluctuations on the base or emitter acces
1 10 100 1000 10000 current fluctuations on the collector[11].
Frequency (Hz) We have thus carried out a measurement in these conditions
(using a high value capacitance on the base) of the equivalen
Fig. 2. Input voltage noiseSy, , spectral density fromPyy — —20, voltgge noise spectral densny_ at the trgnsstqr inPwt,, .
—10 and 0 dBm onto50 Q @ 3.5 GHz, Quiescent biasVop = 2 V and Figure 2 shows the evolution of this equivalent voltage
Ic =10 mA noise spectral density for a superposed microwave powel lev

varying from linear to6 dB compression conditions.Indeed,
these measurements of the equivalent voltage noise spectra
Il. SIGEHBT MODELING density, use a high value capacitor placed in parallel with t
First of all, static and linear microwave parameters dfase, as shown on the Figute
a SiGe HBT have been measured and fitted thanks toAn important noise variation can be noticed (about one
Agilent ADS software. Then the nonlinear model has beeatecade). As it is the extrinsic equivalent voltage noise-fluc
extracted and validated. This model is based on the Gummigiations which are measured, we have to find out the intrinsic
Poon model implemented thanks to discrete elements of #tuse of this behavior. Such a noise is the superposition of
Agilent ADS software. the voltage noise at the base and emitter electrodes, and the
collector current noise flowing into the emitter resistance
To perform our nonlinear noise modeling, we have firdile have made the hypothesis that such a strong nonlinear
investigated on the current noise spectral denSity at the behavior was mainly the result of the variation §f.. with
transistor input. This noise source has been measuredsveite RF power, and we have thus implemented in the transistor
the input microwave power (transistor loaded oftb(2 and model a nonlinear noise souréd.. The LF noiseS;, has
submitted to a variable microwave power level upitalB been related to the square of the instantaneous cufrgi}
compression) thanks to the technique described in [10] ansing the capabilities of the symbolically defined devicés o
in the Figure4 with the transimpedance amplifier. As showrhe Agilent ADS software, with an approach close to the one
in Figure1, the 1/ f noise source level does not change witdescribed in [4], [7], [8].
the increase of the microwave power. Thus, this noise sourcelThe measured data of the Figufe have been used to
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Fig. 4. Test setup for the measurement of the low frequendyenander Fig. 6. Simulated and measured transistor residual phase @03.5 GHz
nonlinear conditions Low impedance biasing withP; level from —20 dBm to 0 dBm onto
50 Q @ 3.5 GHz, Quiescent bia8cr =2 V et I =10 mA

-110

—_ ] Hi to a reference path. The sensitivity of this experiment is

N 120 — High Impedance . i X

e = ——With 20 UF ddpacitance | very high and the measured phase noise floor is lower than

B ol Jw Low impedante —180 dBrad® - Hz™! at 10 kHz offset §.5 GHz frequency).

S N ‘/\ ‘ m i Firstly, in Figure5, the phase noise added by the tran-

g -140 - M sistor at 3.5 GHz is measured, using three different base

N 1 bi k configurations for the transistor: low impezis

2 ‘ ias network configurations for the transistor: low impezgn

® | ik WQ\ high impedance and high impedance short circuited with a

;_c“ 160 | 20 pF' capacitance. The measurement agrees very well with

El T"L the simulation (continuous lines). The observed reductibn

2 -0 "‘% noise using the low impedance bias is directly related to the

i 5o cancellation of the contribution o§;,, to the phase noise. In
1 0 10 1000 10000 100000 Figure 6, the low impedance bias on the base is used in all

Frequency (Hz) cases, but the microwave power is changed fre20 dBm to

0 dBm. As shown in the figure, the model is able to describe

the evolution of the phase noise versus the microwave power
Fig. 5. Simulated and measured transistor residual phease @03.5 GHz  |eyel.
for different bias configurationsP;y =0 dBm, onto 50 Q@ 3.5 GHz,
Quiescent biasVogp =2 V et I = 10 mA

IIl. APPLICATION TO THE DESIGN OF A LOW PHASE NOISE

AMPLIFIER FOR HIGH SPECTRAL PURITY OSCILLATORS

extract the parameters of this nonlinear noise source, hwhic APPLICATION
is described with an equation of the following type: Considering a feedback loop oscillator using an amplifier
and a resonator placed in transmission, the optimized a#gon
S1o = Siey + Siey - i2(t) coupling losses for phase noise performancetad® (Q; =

) ) ) _ 0/2) [11]. This is true both for the two components of
whereS,, is a constant (white) noise spectral density anghase noise: additive arig/ f noise. If we take into account
Ste, Is @ constant 1/f noise spectral density. the additional circuit losses and the necessary compressio

K, (about1 dB) ; the amplifier small signal gain must be of
Steo = Ko and Sye, = — about 9 dB. This gain level is easily reachable in the low
f microwave range with a single SiGe HBT transistor, keeping
Using this model, we have performed various simulatiorsslow level of phase noise. However, at X band, the transistor
to compare to already available measurement data. Thege datist be matched for its maximum small signal power gain,
have been obtained from phase noise measurements performieith corresponds to one of the worst conditions for phase
at 3.5 GHz using an open loop (or residual) phase noisise generation in bipolar amplifiers [11], [12]. We havesh
measurement bench [1], [11]. This measurement bench isnaestigated a circuit topology including two transistaaswo
phase bridge, realized with two phase detectors (for crossages amplifier. This approach had been first tested cascadi
correlation analysis), which is able to measure the phaweo devices loaded ontg0 2 [13]: the resulting phase noise
fluctuations added by the transistor thanks to a compariseas very close to the phase noise of a single device, and



-130

-150

-160

Residual phase noise (dBrad?/Hz)

Fig. 7. Picture of our two stages amplifier with stability iopizations
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Frequency (Hz)
mainly related to the phase noise of the first device (not only

for the additive noise contribution, but also for thgf phase

noise). The two devices for the amplifier design have be€iy. 8. 10 GHz phase noise measured and retro simulated for the
selected with this experimental approach. The first stage™¢ stages amplifier with the input powef;y =0 dBm, Quiescent bias:
realized with a SiGe HBT from Infineon (BFP620) and thec” = 2V & fc =10 mA for each transistor

second stage using a BJT device from Nec (NE894M13).

A. Spurious oscillations '125_\/\
A first amplifier has been designed thanks to a nonlin- ]
ear model based on RF power parameterized external noises -13s N
sources, as described [5]. Such a model has been extracted fog ., | b{*
the two transistors chosen for this design. Neverthelessral
stability issues appear with such a configuration. The main
cause of instability is the matching between the two stages.
Actually, our two transistors feature respectively ofly dB
gain for the SiGe one artidB for the Si one at0 GHz when
they are loaded ont60 2 (S21). The inter-stages matching
is thus mandatory, but a high level gain, particularly at low oy R ..
frequencies, may result in transistor instability. 10 100 1000 10000 100000
We thus need to take into account this parameter when Frequency (Hz)
we optimize the gain and the noise of our circuit. The
possible oscillations conditions at Iovy frequenc_:ies (fepetiw 0. 5. Phase noise comparison between our two stage AmH® V
1 MHz and 1 GHz) have been theoretically studied, and vat9 > mA) and an AMLpamp"ﬁer (Vo15 V and =500 A) Witk
ious filtering capacitors and inductors have been added €ndBm 10 GHz
the bias access to prevent these parasitics oscillations. A

low phase noise X-band amplifier has then successfully been ) ] ] )
realized. It features.6 dB gain at9.65 GHz and is shown in These results have been obtained with an input microwave

Figure 7. Measured and simulated results are presented in #f2ver level of0 dBm at 10 GHz . The phase noise perfor-

sectionlll-B . mance of our amplifier is compared in Figudo the phase
noise of one of the best commercially available low phase
noise amplifier at this frequency:{/IL Communication}. Our

B. Two stages amplifier amplifier features a better phase noise performance, but wit

Figure 8 depicts the phase noise results obtained with ofir Smaller gain §.6 dB compared to26 dB) and a smaller
amplifier and the comparison with the simulated data obthin@P€rating bandwidth. However the power consumption of our
with the model presented in pait. It is a post design @mplifieris also much smalle5¢ mW compared t900 mW)
simulation because the amplifier had been optimized tharfd the gain performance is sufficient to start an oscilfatio
to the first model using the extrinsic equivalent noise sesircO & moderately coupled resonator.
approach. However, a good agreement between post simulated
and measured data is found. As a consequence, we can assume IV. CONCLUSION
that our model using a nonlinear noise source is reliabla eve In this paper, an original SiGe HBT nonlinear model in-
in this case where the transistors HF load is different frooluding a nonlinear noise source has been proposed together
50 €. with the related parameters extraction technique. Cdhtrar

Hz)

d

— Our amplifie |
— A 8-12 GHz AML amplifier

-145

-150 Mg,

7.

-155

Residual phase noise (d

-160



http://www.amlj.com

to already published papers, the noise model computation [& M. Borgarino, C. Florian, P. Traverso, and F. FilicorMicrowave large-

not based on a multi-bias noise measurement but on noise Ssignal effects on the low-frequency noise characterisifcGalnP/GaAs
d i diti . h HBTs,” Electron Devices, |IEEE Transactions ,owol. 53, no. 10, pp.
measurements under nonlinear conditions, using the soperp 2603-2609, Oct. 20086.

sition of a microwave signal. Another difference with thesd9] O. Llopis and al, “Nonlinear noise modelling of a PHEMT vite
models rely on the choice of the noise sources nonlinearity through residual phase noise and low frequency noise memsmts,"

. . . Proc. of the IEEE MTT Symposiump. 831-834, May 2001.
(Si. instead ofS;,, as an example),but it must be pointed 0'-{5.0] L. Bary, M. Borgarino, R. Plana, T. Parra, S. Kovacic, lthfontaine,

that these models had been extracted on 1llI-V HBT devices, and J. Graffeuil, “Transimpedance amplifier-based full -foegquency

while our work is on SiGe HBT devices. noise characterization setup for si/sige hb&léctron Devices, IEEE
. . . Transactions onvol. 48, no. 4, pp. 767—773, April 2001.

] The proposed _mOdel IS quite S|m_ple, easy _'[O extra(_:t, aﬂ‘i] O. Llopis and G. Cibiel, “Phase noise metrology and nilotg of

is able to describe the phase noise behavior at different microwave transistors applications to the design of thee s the art

input RF power or using different bias circuits. Coupling dielectric resonator,” ifNoise in Devices and Cicuits, 2003 SPNel.

this techni ith t hvsical deli ft 5113, 2-4 June 2003, pp. 179-191.
IS technique with an accurate physical modeling o r[5'2] M. Regis, O. Llopis, and J. Graffeuil, “Nonlinear moitgj and design of

device [14], [15] should be advisable for a better undeditam bipolar transistors ultra-low phase-noise dielectriserator oscillators,”

of the phenomenon considered. Microwave Theory and Techniques, |IEEE Transactions \l. 46,
hi del has b full d to simulate the ph no. 10, pp. 1589-1593, Oct. 1998.

This model has been successfully used to simulate the p Ei%? S. Gribaldo, R. Boudot, G. Cibiel, V. Giordano, and Oojis, “Phase

noise of a two stages amplifier. It may be used to optimize the noise modelling and optimisation of microwave sige ampfidor

phase noise performance of amplifiers and oscillatorszesli sapphire oscillators applications,” I®9th European Frequency and Time
ith this devi Forum (EFTF'2005), Besancon (Frange)1-24 March 2005, pp. 343—
wi is device. 347,

To conclude, an amplifier using an original topology hags4] J. Sanchez, G. Bosman, and M. Law, “Two-dimensionalisenductor
been presented. This amplifier features good skills for X- device simulation of trap-assisted generation-recontiinanoise under

. . . e periodic large-signal conditions and its use for develgpigiclostation-
band applications, and particularly for embedded apptioat ary circuit simulation models Electron Devices, IEEE Transactions,on

for which a low power consumption and a low phase noise vol. 50, no. 5, pp. 1353-1362, 2003.
performance is required. It could also be used in a very hig#p] F. Bonani, S. Guerrieri, and G. Ghione, “Compact cosicer and

. . . cyclostationary noise modeling of pn-junction diodes iw-iojection.
spectral purity oscillator based on a sapphire resonator fo part i. model derivation,”Electron Devices, IEEE Transactions ,on

metrology applications. vol. 51, no. 3, pp. 467-476, March 2004.
In this case, the expected phase noise is as low as

—145 dBc-Hz™! at 10 kHz offset from 10 GHz (with a

loaded(@ factor, @), = 60000).
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