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Analysis and Design of HBT Cherry—Hooper
Amplifiers With Emitter-Follower Feedback for
Optical Communications

Chris D. Holdenried, Student Member, IEEE, James W. Haslett, Fellow, IEEE, and Michael W. Lynch

Abstract—In this article, the large-signal, small-signal, and noise
performance of the Cherry-Hooper amplifier with emitter-fol-
lower feedback are analyzed from a design perspective. A method
for choosing the component values to obtain a low group delay
distortion or Bessel transfer function is given. The design theory is
illustrated with an implementation of the circuit in a 47-GHz SiGe
process. The amplifier has 19.7-dB gain, 13.7-GHz bandwidth,
and 110-ps group delay distortion. The amplifier core consumes
34 mW from a —3.3-V supply.

Index Terms—Bessel response, Cherry—-Hooper, emitter-fol-
lower feedback, optical communications, SiGe HBT.

1. INTRODUCTION

HE CHERRY-HOOPER amplifier with emitter-follower

feedback (CHEF), shown in Fig. 1, is widely used in
limiting amplifiers and decision circuits in fiber-optic receivers
[1]-[4]. The use of these amplifiers operating at 40 Gb/s in
InP technology has recently been demonstrated [5], [6]. The
amplifier shown includes resistor R», an addition suggested
by Greshishchev and Schvan in order to raise the gain [7]. Al-
though this circuit is useful as a high-performance broadband
amplifier, it can have excessive gain and group delay peaking
for certain choices of the component values. Designing the gain
to peak with frequency may give the highest bandwidth, but
this results in the group delay peaking with frequency as well
and leads to a distorted eye pattern [4]. For this reason, it is
necessary to strike a balance between gain and delay flatness
and bandwidth in transceiver amplifiers.

Ohhata et al. presented an analysis of the CHEF amplifier
for an implementation using selective-epitaxial SiGe HBTs for
which the parasitic capacitances are relatively small and the base
resistance is relatively large. In that work, the base resistance
of the small feature size HBts had a significant effect on the
small-signal transfer function of the amplifier. In this work, we
examine amplifiers that are designed with SiGe HBTs having
base resistances less than 100 €2 [8]. To our knowledge, the
small-signal behavior of the CHEF amplifier using such devices
and using Rs has not been characterized in a way that would
allow designers to optimize group delay and bandwidth. In this
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Fig. 1. Cherry—Hooper amplifier with emitter-follower feedback.

paper, equations for the frequency response, dc transfer charac-
teristic, and output noise of the amplifier are given and are used
to develop design guidelines. Using these guidelines, the ampli-
fier may be designed as a second-order all-pole system to have
a Bessel transfer function.

This paper is arranged as follows. In Section II, the
large-signal performance of the amplifier is considered. In
Section III, a small-signal high-frequency model of the ampli-
fier is presented. Suggestions for low-noise design are given in
Section IV. Section V uses the equations that are presented to
design a 13.7-GHz bandwidth, 19.7-dB gain implementation of
the amplifier in a 47-GHz f; SiGe HBT technology. Measure-
ment results are presented to confirm the theory.

II. LARGE-SIGNAL PERFORMANCE

The large-signal performance of the amplifier may be under-
stood by first considering the dc transfer characteristic. In Fig. 1,
uppercase variables are used to represent dc voltages and cur-
rents. In Appendix I, (1) and (2) are derived for the amplifier in
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In these equations, Sp¢ is the dc common emitter current gain
of the transistors and V7 is the thermal voltage of approximately
26 mV at room temperature. These expressions show that the
dc voltage difference V; — V5 for a given Vj, may be calculated
through iteration, and then V,;; — V2 may be calculated.

A first observation from (1) and (2) is that R will only scale
the output voltage, without affecting its basic shape. Hence,
increasing R is an effective means of increasing the output
voltage swing of the amplifier. However, (2) also shows that
in order for V,; — V5 to reach the maximum output swing of
(R1 4+ R3)Igg2, tanh must reach its full value of £1. This oc-
curs when |V — V| > V. Having V,; — V5 reach its ap-
proximate full output swing is desirable in the presence of large
high-frequency signals, because the resulting voltage will then
be £(R1 + R2)Igg2, which is known and well defined. In con-
trast, the voltage V7 — V5 will not be well defined, since it de-
pends on the emitter voltages of Q5 and Qg, which will suffer
from amplitude overshoot due to capacitive feedthrough at the
emitters of Q5 and Q.

As a further consideration, Igg; and Igpo should be large
enough to achieve a high f; for the HBTs in the amplifier. How-
ever, there is a range of bias current for certain SiGe HBT tech-
nologies where the current may be changed, for example by a
factor of two, without significantly affecting f; [9]. This gives
the designer the freedom to choose the bias currents at or some-
what lower than that required for peak f;, and near peak f; may
still be achieved.

III. SMALL-SIGNAL ANALYSIS

Fig. 2 shows the small-signal differential-mode half circuit
of the amplifier with only the dominant parasitics. It is assumed
that the circuit is symmetrical, so that the small-signal param-
eters of Q1 and @5, for example, are equal. In the following
analysis, the base-emitter capacitance of transistor k£ will be de-
noted as Cry, the base-collector capacitance as C,x, and the
collector-substrate capacitance as Cy,p. Capacitance Cp rep-
resents the sum of Cy1,1, and C),q and O3 reflected to node v4
using Miller’s theorem. The fact that C.3 connects to ground
through 7.3 will be neglected and C';3 will simply be added to
C1. Specifically

1
Cl = OTrS + <1 - A_1> Cy.l + C(subl + Cy,?)(l - AZ) (3)

where A; and A, are the gains across C},; and C,3, respectively,
and are given by

ra3(R} +7as)

S Vaé Bl )
! 71 (T3 + R1)
R, +R
Ay R 5)
Tq3

where 7qr = 1/Gmk. ™, = 1/Gmk + Tek» gmk 18 the transcon-
ductance of transistor k, 7.y is the parasitic emitter resistance
of transistor k, and R’f = R + 7¢5. The component of C,;
reflected to the base of )1 through Miller effect has been ig-
nored, since the gain across (01 is usually small and so the Miller
capacitance will be much less than Cj ;. Also in Fig. 2, the
base-emitter resistance .}, for a transistor k has been rewritten
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Fig. 2. Amplifier small-signal differential-mode half circuit including source
and load impedances.

using the well-known identity 7., = [rgr, where 0 is the
low-frequency ac common emitter current gain. These approxi-
mations facilitate analysis without introducing significant error,
as will be shown.

The small-signal transfer function may be broken into two
parts, v,1/Vin = Upe1/Vin X Uo1/Upe1. The transfer function
Upe1/Vin 18 calculated to be

Vbel ~ Td1
Vin 2{7'2” + lescﬂ'l(R.lg + Tel)} .

(6)

This expression has a single pole resulting from C'’;; and mainly
from R’, which is the resistance of the input signal source plus
the base resistance of the input HBT. In practice, the amplifier
is usually driven by an emitter-follower, which has a very low
output impedance, making R/, small. As a result, this pole will
be at a frequency significantly higher than the bandwidth of the
overall amplifier.

The stage following the amplifier is usually an emitter-fol-
lower output buffer, and the amplifier is loaded by the input
impedance of this emitter-follower, Z;,gr. This impedance,
along with C,b3 and the Miller capacitance of C,3 reflected
to node V,1, form the load impedance Zj,, according to

1
21 ZinEF

1
+ sc}subS + SCN3 <1 - ) . (7)
Az

The magnitude of the impedance Z;,pr decreases with fre-
quency, and so Z;, may be modeled to first order by a capacitor
Cr. A more accurate prediction of the amplifier response may
be obtained with a more detailed formulation of Z;,, g, as de-
scribed in Appendix II.

Nodal analysis was used to find the transfer function
Uo1/Ube1, Which is derived in Appendix III. With the as-
sumption that Z;, = 1/Cp, v,1/vpe1 may be approximately
expressed as

ol : ®)
ra173C1CL [32 + “22—"3 + wg}

Vbel



HOLDENRIED et al.: HBT CHERRY-HOOPER AMPLIFIERS WITH EMITTER-FOLLOWER FEEDBACK FOR OPTICAL COMMUNICATIONS

Magnitude
o o
@

o
»

o
(S}

()

150 7 !
Frequency (rad/s)

w0 10'
Frequency (rad/s)

Fig. 3. Magnitude and group delay responses for a second-order system.

where () and w, are the pole quality factor and pole frequency
given by

1/2
0= C1CL(R1 + Ro)(R + ra5)(Ry + 133) ©)
P {C1 (R +ras) + CL(Ry + R}’
» , 1/2
== L (10)
rdgClCL(Rl + RQ)(Rf + 7a5)

Equations (9) and (10) are valid for R}/ R1 > 2. The latter
equation indicates that the pole frequency w,, which is one in-
dication of amplifier bandwidth, is inversely proportional to the
square root of Cy, C', and R’f if R} > r45. This indicates that
although increasing R} raises the amplifier gain, it decreases the
bandwidth. Equation (9) may be further simplified if Cy (R +
ras) > CL(R; + Ry) to

Cr(B1 + Ro)(R1 + rgy)
T:i?;Cl(le + Td5)

Q= (1)

This shows that increasing R; raises (), and increasing R’f
or C; lowers ). Furthermore, increasing Ro will result in
modest increases in (), and a comparable decrease in w,,
two effects which may be expected to leave the bandwidth
roughly unchanged. This is consistent with the observation of
Greshishchev and Schvan, who noted that increasing R» in the
range 0 < Ro/R; < 2.5 had little effect on the bandwidth but
increased the gain significantly [7].

The two poles in (8) located at w, are a complex conjugate
pair for Q > 0.5 and they dominate the frequency response
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Fig. 4. Eye diagrams for a 10-Gb/s signal filtered with second-order systems
having (a) Q = 1/v/3 and (b) Q = 1.0.

of the CHEF amplifier. Fig. 3 shows the magnitude and group
delay responses for such a system for different values of ) and
for w, = 1 rad/s. The case where Q = 1/v/2 = 0.707 corre-
sponds to a second-order Butterworth response, where the mag-
nitude response is maximally flat. The case where Q@ = 1/ V3
0.58 corresponds to a second-order Bessel response, where the
group delay is maximally flat [10]. Fig. 4 shows eye diagrams of
10-Gb/s signals which have passed through second-order sys-
tems with @ values of 1/ V3 and 1.0, respectively, and with
wo = 2m - 15 x 10 rad/s. The eye diagram for the system
with @ = 1.0 is distorted due to the gain peaking and group
delay distortion of that system. To avoid this type of distortion,
it is always desirable to have a () factor of approximately 1/+/3
for broadband optical applications. The disadvantage of such a
design is that it has less bandwidth than a design with a higher
Q factor.

A. Design Example

The method in which the amplifier may be designed to have
Q=1/ /3 can be illustrated through an example. Bias currents
are first chosen based, for instance, on the desired amount of
power dissipation. The value of Igg, will also partially deter-
mine the output voltage swing. For the purpose of illustration,
one amplifier with two different current bias levels will be con-
sidered here. One bias levelis /g1 = Igg2 = 1.0 mA, and the
other bias levelis /g1 = 3.0 mA and Igg> = 3.2 mA, chosen
based on output swing. Higher currents than these may cause a
biasing problem when a 3.3-V or lower supply voltage is used.

When designing the amplifier, the emitter length Lg of the
HBTs should be chosen to provide peak or near peak f;, as-
suming that such an L is large enough to safely handle the de-
sired amount of bias current. The emitter length of ()1 and Q5
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Fig. 5. Plot of ) factor for different values of R, R, and R’f.

in the first stage of a limiting amplifier chain should be chosen
based on noise considerations as well, as will be shown in Sec-
tion IV. For the present circuit, dual stripe emitters are used
for all transistors, each emitter stripe width is 0.5 pm, and the
emitter length of each stripe is 5.0 um for Q1, Q2, @5, and Qg,
and 2.5 pm for @3 and Q4. Once the bias currents and Lg of
the HBTs are chosen, the only unknowns in (8) are R, Ro, R},
and Z,. Z1, may be calculated by (7) with a capacitance chosen
to model Z;,,gr. The choice of the resistors Ry, Rs, and R}
will determine the gain and bandwidth of the amplifier, and the
Q factor of the two dominant poles. R; may be chosen based
on the desired amount of output swing, and is chosen as 55 {2
for this example. The values of R’f and R, may then be varied
in order to observe the obtainable performance. Figs. 5-7 show
plots of ), 3-dB bandwidth, and low-frequency gain, respec-
tively, versus R’f /Ry for different values of Ry. At the lower
current bias level, the circuit has reduced bandwidth because the
ft of the HBTs is reduced to 50%-75% of the peak value. These
plots were generated using the complete expression for v,1 /Vpe1
in Appendix II1, (20), with Zr, = 1/(sCp) and Cr, = 40 fF. Of
this capacitance, approximately 15 fF represents C|,3 reflected
to node v,1 and Cp3, and 25 fF was used to model Z;,,gF.

Using these plots, consider the amplifier when biased with
Igp1 = 3.0 mA and Iggs = 3.2 mA. From Fig. 5, it is
seen that in order to have Q = 1/+/3, R’f /Ry should be in
the range from 2.3 to 2.7. This shows that the ratio R /R,
is highly constrained for a fixed set of bias currents. For this
example, Ry = 160 (2 gives Ry/R; = 2.9. This gives a @
factor slightly lower than 1/+/3 and will allow for some varia-
tion in the load impedance Z;, without introducing significant
group delay peaking. From Figs. 6 and 7, it may be seen that for
R’ /Ry = 2.9 the bandwidth ranges from 11.5 to 14.5 GHz and
the gain ranges from 14.4 to 24.0 dB for different values of Rs.
Choosing Ry = R; = 55 (2 gives a reasonable compromise,
leading to a theoretical bandwidth of 12.9 GHz and a gain of
20.5 dB.

It should be noted that Igg1 and Igpo need not be equal.
However, with L of Q1 and ()5 chosen to be 5 ym to lower
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75, I g1 must be 3.0 mA to obtain near peak f;. With Iggs =
3.2 mA chosen to obtain the desired output swing and peak f;,
the currents end up being nearly equal.

IV. AMPLIFIER NOISE PERFORMANCE

The CHEF amplifier often follows the transimpedance ampli-
fier (TTA) in a fiber optic receiver. Hence, in addition to having
a good frequency response, low-noise operation is desired in
the first amplifier following the TIA. In this section, a simple
expression is given for the output noise power spectral density
(PSD) of the amplifier.

In the following analysis, the mean square thermal noise
voltage due to a given resistor R will be expressed as e%, where
e% = 4kTRAf and where k is Boltzmann’s constant, 7" is
temperature in Kelvin, and A f is equivalent noise bandwidth.
For a dc collector current I, the mean square collector shot
noise current will be expressed as 72, for the kth transistor,
where i%, = 2qIc A f and where g is the electron charge.



HOLDENRIED et al.: HBT CHERRY-HOOPER AMPLIFIERS WITH EMITTER-FOLLOWER FEEDBACK FOR OPTICAL COMMUNICATIONS

1963

| T - ! |
| 300fF 5Q - | !
| 230 ! 300fF 450 45Q 300fF |
! 300fF . | !
| x0.5um 2 1 | 04mA |
: 34Q 10.0 m\Jr 454 %559 550 § i Jum? :
V. L 1600 L [x0.5um |
| Vehip_in1 A '~8.0um %349 340 § :
| x 0.5 . each !
L 550Q S 0.7mA 34Q 10.0 T | v .
! /p.mz ) ! © Vehip_out1 |
! Vc ip_in i i
i -z © N Oz)rgar/#m ! I 0.881;-\/me +——Vehip_out1 !
1 H x U.opum 1
1 550Q 0.7m SOHm ~ H ) _"15.0um |
! m? “__ each : each :
! mm- . x0.51um | :
! 10.0um i !
03mA/um? |} |
| 3.2mA 32mA 3.0mA Y3.2mA | Y1.5mA T1.5mA 11.3mA
i 1.0mA | i
! e Al NN N l
| | T 300fF ! |
| | L | |
:h___________________________________: -3.3V :____________________________________________:
Input Buffer Output Buffer
Fig. 8. Schematic diagram of amplifier test circuit.
Using the above notation, an example calculation of the dif- TABLE 1
ferential output noise due to 42, is given in Appendix IV. In the DIFFERENTIAL OUTPUT NOISE OF THE AMPLIFIER AT 1 GHZ
same way, the differential noise PSD between v, (t) and v,2(%) Simul- Calcul-
due to all noise sources in the amplifier is calculated as ated Simul- ated
Noise Noise ated Noise %
o —— ) Source | (V2/Hz | % of | (V?/Hz | Error
v2  2(Ri+ R2)? | €R, (R} +7as) x1017) | Total | x10'7)
Af - (Rt |af T2 Qio:my | 136 | 651% | 154 | 132%
43 ) i Qro:1. | 383 | 183% | 411 | 7.3%
N - T A Qro:re | 123 5.9% 139 | 13.0%
X = = 4 (12) 20 3 FG
Af Af Af Ry x2 0.89 4.3% 1.01 13.5%
Totals 19.6 93.6% 21.9 11.7%

where, for example, % is the noise of either 7,1 or 732. The
input referred differential noise PSD may be obtained if desired
by dividing this equation by the square of the low frequency
differential amplifier gain, given by the product of (4) and (5).
From (12), itis seen that if (R’ +745)* /77 > 1and 71 > req,
then the most important amplifier noise sources will be the col-
lector current shot noise and base resistance thermal noise of
Q1 or Qo, igl,Z and e?, , respectively. As an example, con-
sider the amplifier with g1 = 3.0 mA, Iggs, = 3.2 mA,
Ry = Ry = 55 Q,and Ry = 160 2. Table I gives the
values predicted by the terms in (12) with the values simulated
at 1 GHz using 47-GHz f; SiGe HBTs. In Table I, it is clear
that the parasitic base resistance and collector shot noise of Q1 2
are the dominant noise sources. The collector current shot noise
of (1,2 is difficult to reduce, since a certain amount of current
is required for high f; and gain. However, the base resistance
may be minimized by increasing the emitter length at a fixed
emitter width while keeping the bias current constant. The ef-
fective emitter length may also be increased by using multiple

transistors in parallel. This will result in some decrease in f,
but a greater decrease in noise than in bandwidth. Using mul-
tiple transistors also reduces self heating in these HBTs [7].

V. EXPERIMENTAL RESULTS

The design described in Section III-A was fabricated in a
47-GHz f; SiGe process. The schematic diagram of the ampli-
fier is shown in Fig. 8. The input of the circuit is an emitter-fol-
lower input buffer, with resistors and a capacitor arranged to
maintain an impedance match up to 10 GHz when the input
leads are wire bonded. It was found that if a simple 50-€2 resistor
was used, the parasitic capacitance at the input node of the HBTs
and approximately 1 nH of bondwire inductance would unac-
ceptably degrade the input match if the chip was wire bonded,
as is typically required for packaging. By having the approx-
imate 70-€2 input impedance at low frequencies, it was found
that the effects of the 300-fF capacitor and the bondwire induc-
tance combine to achieve a better 50-€2 match above 5 GHz [7].
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Fig. 9.

Integrated circuit microphotograph.

However, for the measurements presented in this section, wafer
probing was used to provide a characterization of the amplifier
that is unobscured by bondwire parasitics.

The output buffer is a differential pair with an impedance
match similar to that used in the input buffer. The important
component values of the amplifier are shown in the schematic
diagram. The amplifier core draws 10.2 mA from a —3.3-V
supply. A microphotograph of the integrated circuit is shown
in Fig. 9.

Fig. 10 shows the theoretical transfer function of the am-
plifier predicted by (6) and (20), the simulated transfer func-
tion with and without resistive and capacitive layout parasitics,
and the deembedded measured transfer function. The measured
gain was deembedded from a measurement of So; taken with a
—20-dBm input signal. For the theoretical transfer function cal-
culation, the load impedance was modeled using (7) and (18).
All of the simulated curves in this section were generated using
Cadence Spectre software. The error between the theoretical and
deembedded measurement is less than 1.2 dB between 0-5 GHz,
and is less than 0.8 dB between 5-15 GHz. In the layout, mul-
tiple resistors in parallel were used to implement R; and Ro,
leading to increased metallization area connecting to these re-
sistors. The difference in the simulated response with parasitics
is partially attributed to the capacitance of this metallization to
the substrate and to surrounding nodes.

Fig. 11 shows a comparison of the theoretical group delay,
the simulated group delay with and without resistive and capac-
itive layout parasitics, and the measured group delay. The group
delay distortion up to 10 GHz is approximately =+ 10-ps theoret-
ical, +6-ps simulated without layout parasitics, £12-ps simu-
lated with layout parasitics, and +10-ps measured. In this case,
the theory provides a reasonable prediction of group delay for
design purposes.

The noise figure (NF) was measured at one output terminal
with the signal applied to one input terminal, and the other input
and output terminals were terminated in 50 €2. The measured NF
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is 14.7 dB at 1 GHz. The equivalent de-embedded differential
noise at the output of the amplifier core is 2.36 x 10716 V2 /Hz.
Comparing this with the theoretical output noise from Table I,
it is observed that (12) predicts the measured noise with —8%
error.

Fig. 12 shows measured eye diagrams for a data rate of
10 GB/s. A PRBS signal with a pattern length of 23! — 1 was
used for all measurements. Fig. 12(a) shows the signal at the
output of the pattern generator, and Fig. 12(b)-(d) shows the
single-ended amplifier output eye for a differential input signal
with amplitudes of 7, 20, and 400 mVpp, respectively. The
data eye has good opening and low overshoot for all cases.
In order to have a more square eye, which is desirable, the
required bandwidth is approximately 1.5 times the clock rate, or
15 GHz for 10 Gb/s. Although the bandwidth of the amplifier is
13.7 GHz, the inclusion of the input and output buffers reduces
the bandwidth to 11.2 GHz. A bandwidth of 15 GHz could be
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Fig. 12. Measured eye diagrams at 10 Gb/s: (a) through measurement at
20 mVpp and single-ended amplifier output for differential input signals of
amplitude (b) 7 mVpp, (c) 20 mVpp, and (d) 400 mVpp.

achieved in this technology by sacrificing some core amplifier
gain, and by reducing the gain of the output buffer.

VI. CONCLUSION

When used for optical transceiver applications, the CHEF
amplifier must have high gain and bandwidth, low noise, and ac-
ceptable large-signal behavior. Design techniques for achieving
all of these goals simultaneously were given in this paper. A
pair of complex poles was found to dominate the amplifier fre-
quency response. The relative values of resistors which result
in optimum pole quality factor were described. Furthermore,
the dominant noise sources in the amplifier were identified. A
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19.7-dB gain, 13.7-GHz bandwidth implementation of the cir-
cuit verified the small- and large-signal behavior.

APPENDIX |
AMPLIFIER DC TRANSFER CHARACTERISTIC

The notation labeled in Fig. 1 is used throughout this ap-
pendix. The parasitic emitter resistances of the HBTs will be ig-
nored for simplicity. Using Ico — Ic1 = Ico— (Ipp1 —Ic2) &
2Icy — Igg1 and Icy — Ic3 = 21cy — IEE2,

Vi — Vo 2 Ri(2Ica — IgE2) + VBEG — VBES

+Rf(2Ico — Igp1). (13)
Next, it is noted that for transistor &
I
Veps = Vp - In <ﬂ> (14)
Igs

where I is the scaling current proportional to the base-emitter
junction area for a given transistor. Using this equation for )1
and @), and solving for I1 and T2 and comparing gives

~Vin/Vr ~ IeE

= T evelr (1)

IC2 %ICI - e

~ Ipgs

IC4 = 1 + e(‘fl—VQ)/VT . (16)

For purposes of simplification, it is noted that Ic5 =2 Ic1 +
Ies/Bpc and Icg = Ico + Ica/Bpc- Equation (1) is derived
using (13)—(16) and using the tanh function expressed in expo-
nential form.

Next, it is recognized that

Vo1 = Voo 2 (Ica — Ic3)(R1 + Ry)

= (2Ica — Igp2)(R1 + Ro). (17)

Equation (2) is derived by substituting (16) into (17) and again
using tanh expressed in exponential form. Equation (2) over-
estimates the slope of the transfer characteristic somewhat for
small applied voltages because the parasitic HBT emitter resis-
tances have been ignored here for simplicity. When these par-
asitics are included, one of I or Ic2 and one of I3 or Icy
must be found iteratively.

APPENDIX II
ANALYSIS OF THE EMITTER-FOLLOWER LOAD

The CHEF amplifier is usually followed by an emitter-fol-
lower output buffer. The amplifier will be loaded by the input
impedance of the emitter-follower, Z;,,pr, which in turn de-
pends on the input impedance of the stage connected to the
output of the emitter-follower. Fig. 13(a) shows one example,
where the output of the emitter-follower is connected to a differ-
ential pair. The differential pair could represent the input to an-
other CHEF amplifier stage, or a buffer to the output of the inte-
grated circuit. Fig. 13(b) shows the high-frequency small-signal
circuit of one emitter-follower and a differential-mode half cir-
cuit of the differential-pair input. Using this circuit, Z;,gF is
given by

Z1
Zin >~ 18
EF SCroprZi 1 + TsEF (18)
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Fig. 13. Schematic diagram of (a) emitter-follower output buffers and
differential pair load and (b) high frequency small-signal circuit of one
emitter-follower and a differential-mode half circuit of the differential pair.

where
VAR |:82(R3 + TsDP)

s (Rs +7epp +7TaEF  TeDP/2+ TdDP)
raerCrEFR rappCrpp

n ( repp/2+ TiDP > }/32
TappPTdEFCrpPCrEF

and where R3 = r.gr + rypp. The magnitude of Z;,pr de-
creases with frequency, and so it may be modeled by a capac-
itor to first order. However, at high frequencies, the impedance
predicted by (18) includes a frequency-dependent negative re-
sistance. A more detailed prediction of the CHEF amplifier fre-
quency response may be obtained by using (18) in (7) to obtain
71, and then using this Z1, in (20) to obtain the frequency re-
sponse. When this was done, it was found that there are still two
complex poles which largely determine the amplifier frequency
response and whose pole quality factor behaves in roughly the
same way as shown in Fig. 5. The net effect is to only modify
the response in a modest way.

19)
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Fig. 14.

sources.

Half of the amplifier small-signal circuit including dominant noise

APPENDIX III
DERIVATION OF (8)

Using nodal analysis, v,1/vp.1 was found for the circuit in
Fig. 2 and is given by (20), shown at the bottom of the page.
The zero in (20) is given by

(R1+ Ro) (R +7as)
7a5Crs{ (R} + 1o5)(R1 + Ra) — Rarljs + RiRo}
(21)
R is of the order of 7{13 and R} > rgs, so that the zero will be at
a relatively high frequency. Furthermore, in Fig. 2, Q5 forms an
emitter-follower feedback circuit. As Ohhata et al. describe in
[4], the bandwidth of this emitter-follower is much greater than
that of the common emitter amplifier formed by @3, R;, and
R5. As a result, the pole due to C';5 will be at a much higher
frequency than the amplifier bandwidth and may be neglected
for simplicity. With Cr5 set to zero, and assuming r/, > R} /0,
(20) reduces to (8).

~

zZ1 =

APPENDIX IV
EXAMPLE CALCULATION OF AN AMPLIFIER
NOISE CONTRIBUTION

Fig. 14 shows half of the small-signal circuit of the amplifier
including the dominant noise sources. For example, consider the
case where only 42, is calculated and all of the thermal noise
voltage sources are short-circuited and the remaining shot noise

Vo1 N(s) ~

% |:3Td5Cw5{(le +15)(R1 + Ry) — Ryrlyy + RiRa} + (Ry + Ra)(ras + R})}

D(s)

Ubel

{826}5017”&7":13(1%1 +1o5 + RY}) + s{Crsras(rys + R1) + C1ris(ras + RY)}

(20)

+Ry + 1l + Z—t{szcwsclr;:,,rdg,{(}%l + Ro)(res + R) + RiRy}

+57{13{C7r5rd5(R1 + Rs) + C1(R1 + Ra)(ras + R'f)} + (s + %) (R1 + R2) }}
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current sources are open-circuited. Assuming 3 > 1, the output
PSDs at nodes v,1 and v,2 due to i(2;1 are given by

PR 0] _ [0 o iBra R+ R2)P(R) +14s)?

= = 5 . (22)
Af Af Afar 2(Ry +1/)?
The mean square differential noise voltage between terminals
Vo1 and v,2 due to a given noise source is found for low fre-
quencies to be

1/2

(23)
where v2,(t) and v2,(t) are the mean square noise voltages at
nodes v, and v,9 respectively, and C is a measure of the cor-
relation between v,1(t) and v,2(¢) and always lies in the range
—1 < (73 < 1. Substituting (22) into (23) with C' = —1, since
the noise voltages are anti-phase and fully correlated, results in
v2(t) = 4v2(t). The noise current source i2, contributes an
equal amount of noise. The contributions of the remaining noise
sources may be found in the same way.
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