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Abstract  This paper describes the modelling of residual 1/ f
phase noise for Si bipolar amplifiers operating in the linear
region. We propose that for Si bipolar amplifiers the 1/f phase
noise is largely due to the base emitter recombination flicker
noise. The up conversion mechanism is described through linear
approximation of the phase variation of the amplifier phase
response by the variation of the device parameters (Cyc, Che,
gms Te) caused by the recombination 1/f noise. The amplifier
phase response describes the device over the whole frequency
range of operation where the influence of the poles and zeros is
investigated. It is found that for a common emitter amplifier it
is sufficient to only incorporate the effect of the device poles to
describe the phase noise behaviour over most of its operational
frequency range. Simulations appear to more accurately predict
the measurements of others.

I. INTRODUCTION

Amplifier residual phase noise (PM) is one of the most
important factors that affect the signal purity of oscillators.
While amplitude noise (AM) is a less critical factor in
oscillator applications due to the limiting of the amplifier. Both
PM and AM noise are the result of up converted baseband
flicker noise to the carrier frequency through the device non
linear mechanisms [1]-[6].

Several groups have used different approaches for the mod-
elling of the phase noise of Si bipolar amplifiers. In [3], [4]
a non linear model based on the charge control model was
used. This incorporates the generation of the flicker noise of
the device as flicker perturbations in the emitter depletion
area and the base width. The model was used as the basis
for extensive modelling of various amplifier configurations. In
[5] the current noise source approach was adopted to model
the flicker noise of the device. A Taylor series method was
used to model the variation of the phase transfer function
of the amplifier from the change in the bias conditions due
to the flicker noise and calculate the PM noise. The model
was limited only to the case of a strong Miller effect and
the dominant pole approximation was used. Although good
agreement was demonstrated up to the 3dB point of the
amplifier, the measured PM noise at high carrier frequencies
(above fs34p) started increasing again. That behaviour was
attributed in [5] to the influence of the 2nd pole, however
non of the existing models [1]-[6] predicts it. A sensitivity
method was introduced in [1], [2] that describes the PM
and AM sensitivity of an amplifier in the presence of an
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independent base band current noise. The method was applied
to frequencies below the 3dB point where a dominant pole
approximation with a strong Miller effect was assumed. In [6]
the sensitivity method extended to HBT amplifiers operating at
higher frequencies without the dominant pole approximation.

In this work we present a model that attributes the amplifier
phase noise to the modulation of the device current dependent
parameters by the low frequency flicker noise sources. The
examination of a single noise source across the base emitter
contact is investigated, since it is accepted in the literature
that this is the dominant source of flicker noise in bipolar
transistors. A common emitter amplifier is used as a test
vehicle where its phase noise is described by its poles and
zeros, where the influence of them in the phase noise of the
amplifier is characterised. Finally the phase noise characteris-
tics of broadband feedback amplifiers are investigated.

II. PHASE NOISE MODEL OF S1 BJT AMPLIFIERS

For any silicon bipolar amplifier its phase and amplitude
transfer function are related to the internal transistor para-
meters, the external components and the topology. From the
internal parameters, some are dynamic and related to the
operating conditions of the amplifier, set by the bias current
and voltage. The device base emitter low frequency flicker
noise modulates the dynamic parameters of the amplifier. This
modulation results in the modulation of phase response of
the amplifier and thereby modulation of the amplifier output
signal, which is described by its phase noise in the Fourier
spectrum. Since the amplifier phase transfer function ¢(w)
is continuous and since the base emitter noise is very small
compared to the base bias current, the variation of the amplifier
phase response O (w) due to the noise can be evaluated using
linear approximation by the use of parametric differentiation
with the help of chain rule.

In the work presented here only the influence of the para-
meters Cye, Cpe, gm,Te Will be taken account since are the
ones that in various combinations have been used in previous
works [1]-[6], while the rest of the device parameters will
be regarded as constant. Deriving the phase response ¢(w)
of a silicon bipolar amplifier and using the definition that the
phase noise £(w) is half of the phase fluctuations spectrum [8],
the phase noise of any silicon bipolar amplifier under linear
conditions is given by (1). Where Sie,, is the power spectral



density (PSD) of the base emitter flicker noise current.
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III. CE AMPLIFIERS PHASE NOISE MODELLING

The technique described previously will be now applied
to a common emitter amplifier stage with and without series
feedback, Fig. 1. The biasing representation of the amplifier
has been simplified to accommodate different biasing schemes,
for example Ry;,s Will represent the Thevenin equivalent bias
impedance if a voltage divider is used for the input biasing,
and Vj;, the equivalent Thevenin voltage. Ry, is added for
comparison reasons, since it has been used both in [1] and [5].
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Fig. 1: Common emitter Amplifier Configuration, with and
without series feedback
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In order to calculate the transfer function of the amplifier for
the two configurations the frequency response of the common
emitter amplifier with series feedback will be calculated first
(res 1s incorporated in Rg), and then by setting Rp = r¢, the
transfer function of the common emitter stage will be obtained.
The equivalent high frequency model of the amplifier is given
in Fig. 2. The output resistance of the amplifier r, usually has a
very large and for that reason both has been excluded from the
AC model. The load and the collector resistances are combined
in Rr, (R1//Rc) and the base external resistance with the
base internal parasitic base spread resistance are presented as
Ryp, (Rpase + Tob)-

With the use of nodal analysis and the aid of Maple
symbolic solver the complete transfer function was calculated
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The relation of the equivalent resistances Ry, Rpe, Ree and
Rp are given in Appendix. The phase response of the common
emitter amplifier with series feedback is obtained as:

p(w) = tan ' (w|Go| (CheRpe + CheRie))
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The first term of (4) is the phase (,,; (w)) due to the first pole
of the amplifier the 2nd term the phase (¢,»(w)) from the 2nd
pole and the same for the zeros (¢,; (w), ¢,o(w)). Therefore
the phase noise of the amplifier can be written as:
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The current dependent parameters and hence noise depen-
dent of the amplifier are r., Cp., Cp.. The intrinsic dynamic
resistance r. scales with the current as r, }/—g The base
emitter capacitance C. is the equivalent capacitance of C, and
Cje. The base charging capacitance Cj, relates to the current
as Cy ‘I/—in where 77 is the forward transit time, 7y is
calculated using the spice model equation in [9]. The forward
transit time is current dependent and voltage dependent [9],
[10], but since its value is much smaller than ‘I/JT— its modulation
effect is assumed to be negligible. The base emitter depletion
capacitance Cjj. is also much smaller than Cj and therefore
its modulation is ignored, while it’s value is calculated from
the spice model equation in [9]. Therefore Cj. is calculated
as Cpe = ‘I/LTT t + Cje. The base collector capacitance Cp, is



Cpe = (6)
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related with the base collector voltage as [10]:
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)
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The relationship between the collector current I and base
collector voltage Vpc with the flicker noise current i, are
obtained by the low frequency analysis of the amplifier circuit
of Fig. 2, which is the same process used in [3]-[5]. The
low frequency equivalent signal is given in Fig 3, where Zg,

Zp and Zj, are the Thevenin equivalent impedances and their
expressions are given in Appendix.
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Fig. 3: Simplified low frequency model of the common emitter
amplifier with emitter degeneration for noise analysis
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In order to calculate the phase noise of the amplifier the
partial derivates need to be calculated for each pole and zero.
Adding the products of the partial derivates the complete phase
noise equation was calculated. Also the effect of each pole
and zero in the phase noise of the amplifier can independently
investigated, in order to decide the optimal complexity for the
phase noise equation. Therefore the phase noise due to the
first pole and due to both poles will be calculated respectively
as:
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In the same way the phase noise can be obtained due to the
poles and the first zero (£(w)p1p2-1) and for all poles and zeros
(L(w)p1p2-1-2)- Finally it is important to mention that the
transposed mechanism of the flicker noise (partial derivatives)
is independent of the flicker noise source PSD (Siper) (9),
therefore a test noise source with reasonable values can be
used to investigate the behaviour of various amplifiers.
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IV. PHASE NOISE EQUATIONS EVALUATION

In order to evaluate the different phase noise equations a test
amplifier was designed using the npn bipolar transistor BFS17,
Fig. 4. The PM noise modelling equations are compared with
the harmonic balanced simulator of Agilent advanced design
system (ADS) which has shown to accurately predict the phase
noise of oscillators and amplifiers [7]. The amplifier biasing
was done with a potential divider, where the equivalent bias
resistance Ry;,s has been set deliberately to be of high value
so that Rp;,s >> Rg, in order to avoid any loading effects and
also to ensure that not a low impedance path will be present at
low frequencies, that may filter the base emitter flicker noise
in a level that the collector emitter flicker noise source has an
effect on the phase noise of the amplifier. The amplifier was
biased for an I of 20 mA and Vo g of 5V, the device internal
parameters where calculated from the device spice data (C. =
81.5pF, Cype = 0.49pF, 1o = 0.3, 1, = 10Q). For the
flicker noise model (11) the following coefficients have been
used, AF = 2.2, kF = 6.58 -10 ' and b = 1. For the
simulation the package parasitics have been excluded since
their influence is not accounted in the present model.
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Fig. 4: Common emitter amplifier using BFS17 NPN transistor

Initially the amplifier phase noise was calculated without
series feedback (emitter to ground), in which case the phase
noise due to the 1st pole £(w)py1, the two poles L(w)pip2,
and the poles and zero L£(w)pip2.1 are calculated at 10 Hz
offset from carrier and plotted vs. carrier frequency, the model
plots are then compared with the ADS simulated noise, Fig.
5. The modelled phase noise shows excellent agreement with
the simulation for, £(w)p1p2 and £(w)pip2-1, While £(w),1 at
frequencies above f3;p (PM noise first peak) starts diverging,
at that point the influence of the 2nd pole comes to effect
and the noise starts rising again, while the phase noise due to
the zero seems to have little to no effect. Especially for the
frequency region up to the 0dB gain (1.85 GHz) the modelled
phase noise that accounts for the influence of the two pole is
adequate.
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Fig. 5: Common emitter amplifier phase noise at 10 Hz offset
from carrier vs. carrier frequency, modelled phase noise for
the different contributions of the poles and the zero compared
with ADS simulation

A similar behaviour is observed when a series RF feedback
is added on the circuit (R = 59, I¢ of 20mA and Vg
of 5V), Fig. 6, the feedback has the effect of moving the
poles closer together, making the impact of the 2nd pole
more profound. The single pole equation starts diverging above
f3ap more rapidly than before. The equation that accounts for
all poles and zeros is the only one that predicts a different
behaviour. This is the result of the initial assumption that the
zeros are well separated, in that case the approximation gives
incorrectly the value of the 2nd zero at 1.6 GHz and shows
increased impact on the phase noise. Again it can be shown
that up to the frequency of 0dB gain (1.7 GHz) the influence
of the two poles is sufficient to model the phase noise of the
amplifier.
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Fig. 6: Common emitter amplifier with series feedback (Rp =
5€Q) phase noise at 10Hz offset from carrier vs. carrier
frequency, modelled phase noise for the different contributions
of the poles and the zeros compared with ADS simulation

The effect of the series RF feedback on the phase noise of
the amplifier can be observed in Fig. 7 where for frequen-
cies below f34p the feedback resistor improves the phase
noise characteristics of the amplifier substantially while at
higher frequencies the phase noise starts converging with very
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small difference between the different cases. Increasing Ry
increases the effect of the 2nd pole on the amplifier phase
noise, this results that the noise after f3;p to start flattening
which explains the results of [5]. Observing how the gain of
the amplifier varies with frequency, Fig. 8, it can be seen that
most of the reduction of the phase noise comes from the high
frequency linearization of the amplifier while a smaller percent
can be attributed on the linearization of it’s dc characteristics,
which agrees with [3], [4]. What needs to be mentioned, is
that the package parasitics of the device will probably have
an increased effect on the influence of the 2nd pole something
that has not be taken in account on the present model.
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Fig. 7: Common emitter amplifier at 10 Hz offset from carrier
vs. carrier frequency, £(w)pi1p2 for R 09, 5 and1082 (Ic
20mA and Vg 5V)

39

O No RE
ORE S5
ORE: 10

30 ~
25
20 A
15

S21, dB

10 4
5

0 T T

0.01 0.1 1 2
Frequency, GHz

Fig. 8: Common emitter amplifier So; vs. frequency for Rg
09,50 and 1092 (I¢ 20mA and Vg 5V)

V. COMPARISON OF PHASE NOISE EQUATIONS WITH
INDEPENDENT MEASURED DATA

In order to further validate the proposed amplifier phase
noise model the CE amplifier presented in [5] and the in-
dependent measurement data provided are compared for the
phase noise models (9) and (10). The device and amplifier
parameters are taken from [5], [11], and the Spice model
of the device (BFQ17 NPN bipolar transistor). In Fig. 9 it



is shown, the measured amplifier phase noise at frequency
offsets of 10Hz and 40Hz vs. carrier frequency, compared
with (9) and (10). The measured amplifier peak is at 40 MHz
while the modelled is at 46 MHz, this has a result of a slight
shift towards higher frequencies of the modelled PM noise,
moreover at the frequencies above f3;p the measured PM
noise appears to flatten faster due to the influence of the 2nd
pole of the device, a behaviour predicted from (10) but at a
higher frequency offsets. The reason for that deviation can be
attributed to the effect of the device parasitics on the amplifier,
since the actual 2nd pole of the device is at about 1 GHz and
the ideal modelled one is at 3 GHz, the effect of the device
parasitics is also the result of the small miscalculation of the
frequency first noise peak. A complete comparison with all
the data provided in [5] is shown at Fig. 10.
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Fig. 9: Comparison of a CE amplifier phase noise at 10 Hz
and 40Hz offsets vs. carrier frequency for the measured
independent data and the modelled PM noise taking the effect
of the two poles L(w)p1p2 and the single pole £(w)p1.
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Fig. 10: Comparison of the CE amplifier measured phase noise
at 10 Hz, 20 Hz, 40 Hz, and 80 Hz offsets vs. carrier frequency
with ,C(w')plpg.

VI. BROADBAND AMPLIFIERS PHASE NOISE
CHARACTERISTICS

In previous sections the common emitter configuration with
series feedback has been investigated, however such a topology

is not used for microwave design for the reason that although
the feedback improves the bandwidth of the amplifier, the input
impedance is optimal for a voltage match and offers a very
poor power match to 50 2. In order to improve both the input
and output match of the amplifier and achieve broadband gain
a different topology is used, Fig. 11, that employs both series
and parallel feedback [12]. It is probably obvious that such a
topology will provide better phase noise characteristics than
the common emitter amplifier with no feedback, however it is
interesting to investigate if the parallel feedback resistor Rp
improves the phase noise of the amplifier.
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Fig. 11: Broadband amplifier with resistive bias, Cr acts as a
DC block

The broadband amplifier PM noise was modelled using the
same approach for the CE amplifier. Since for a broadband
amplifier the frequency of interest is inside the 3d B bandwidth
of the amplifier, the PM noise can be modelled only for the
influence of the first pole with reasonable accuracy.

To examine the PM noise behaviour of the broadband
amplifier, Rr and Ry calculated from the theory described in
[12] for the gains of 6dB, 8dB, 10dB and 12dB respectively
and for the bias conditions of I, = 20mA and Vog = 5V.
Initially the modelled phase noise of the broadband amplifier
was calculated for an Sy; of 12 dB (Rg = 8.5, Rp =
249 Q) and is compared with the a common emitter amplifier
with a series feedback of the same Ry value and the amplifier
without feedback under the same bias conditions, Fig.12.
Although the emitter resistance provides a large reduction
of the phase noise of the amplifier of about 20dB at low
carrier frequencies, the addition of the parallel resistance Ry
improves the phase noise of the amplifier by an additional
8dB. That improved suppression of the noise can be attributed
to the further linearization that Ry provides on the frequency
response of the amplifier in contrast with Ry that also has an
effect on the dc gain linearization. Therefore it can be expected
that the amount of reduction on the PM noise for lower gains
will be about the gain difference. This behaviour is shown at
Fig. 13, where the phase noise of the amplifier for a gain of
6dB, 8dB, 10dB and 12dB is plotted and a noise reduction
of about 2dB per stage is observed.
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Fig. 12: Modeled phase noise at 10 Hz carrier offset vs carrier
frequency for a broadband amplifier with a gain of 12dB vs
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Fig. 13: Modeled phase noise at 10 Hz offset from carrier vs
carrier frequency for broadband amplifiers of gain 6d B, 8dB,
10dB and 12dB

VII. CONCLUSIONS

A modelling technique that describes the phase noise of
silicon bipolar amplifiers has been developed. The influence
of the poles and zeros on the phase noise of the amplifier has
been investigated. It was shown in the models that it is only
necessary to include the amplifier poles to describe the phase
noise inside its operational frequency range. Good agreement
has been observed between the model and independently
measured data. However in future models, the effect of the
device parasitics will have to be included since they affect the
position of the 2nd pole of the amplifier.
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APPENDIX

The common emitter amplifier transfer function symbolic
resistances relations are given as:
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The low frequency equivalent impedances for noise analy-
sis.
Rpias (1 + 527 fr RsCs)
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REb'Las
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fr describes the frequency range where the low frequency
noise of the device has 1/ f characteristics.
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