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Abstract: A high gain cascade connected preamplifier for optical receivers is developed with 0.5pm GaAs
PHEMT technology from the Nanjing Electronic Devices Institute. To begin with, the transimpedance amplifier
has a — 3dB bandwidth of 10GHz, with a small signal gain of around 9dB. The post-stage distributed amplifier
(DA) has a —3dB bandwidth of close to 20GHz,with a small signal gain of around 12dB. As a whole, the cascade
preamplifier has a measured small signal gain of 21. 3dB and a transimpedance of 55. 3dB(Q) in a 500 system. With
a higher signal-to-noise ratio than that of the TIA and a markedly improved waveform distortion compared with
that of the DA, the measured output eye diagram for 10Gb/s NRZ pseudorandom binary sequence is clear and
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1 Introduction

Optical receiver preamplifiers convert very
weak input photocurrents into a preliminarily am-
plified voltage signal to avoid the submergence of
the current signal into the larger noise current of
a limiting amplifier (LA) due to the direct con-
nection between a photodetector and the LA.
Thus the preamplifier should have as low an e-
quivalent input noise current as possible and a
high transimpedance gain. Moreover, to meet the
needs of high bit rate transmission, the preampli-
fier should also have a relatively large band-
width""'. Unfortunately. these requirements con-
flict in general,and tradeoffs should be made ac-
cording to practical targets.

Preamplifiers can be classified into lumped
parameter amplifiers and distributed parameter
amplifiers™ . The former, consisting of low im-
pedance, high impedance, and transimpedance
formats, has simpler topologies and flatter gain
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curves. The transimpedance amplifier also pays at-
tention to both the gain-bandwidth product and
low noise performances through the tuning of a
feedback resistance, so it is the most extensively
used lumped amplifier. As for the distributed am-
plifier,it incorporates the input and output capac-
itances of transistors into artificial transmission
line (ATL) structures to enlarge the bandwidth
effectively,and has become widely used in recent
years,especially in the field of broadband applica-
9=%1 The cascade configuration of TIA and
DA make use of the advantages mentioned above,

tions

achieving a significant improvement of the small
signal gain without a significant degradation of
the bandwidth, which cannot be realized by con-
ventional ways—enlarging the feedback resistance
of TIA or the gate width of transistors for gain
improvements. So the cascade amplifier benefits
the sensitivity and bit error rate (BER) for the
optical receiver.

In this work,we develop a cascade preampli-
fier for optical receivers based on the 0. 5um
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Fig. 1 (a) Cross section of PHEMT; (b) Output
characteristic; (¢) Transfer characteristic; (d) For-
ward current gain of Hs,

GaAs PHEMT technology of the Nanjing Elec-
tronic Devices Institute, which consists of a fore-
stage of TIA and a post-stage of DA. Results show

ases,is shown in Fig. 1(d) ,from which we can see
that the characteristic frequency is about 30GHz.

2.2 Transimpedance amplifier

The schematic of the transimpedance ampli-
fier is shown in Fig. 2. The first stage is a com-
mon-source (CS) input unit with two Schottky di-
odes,D1 and D2, to elevate the source level for a
negative gate-source bias of P1, while the shunt
capacitance C; tends to reduce the negative feed-
back caused by D1 and D2 to improve the small
signal gain, especially at high frequencies. The
second and third stages are source followers used
to realize level shifting and isolation between in-
put and output ports. A feedback resistance R; is
placed between the source of P2 and the gate of
P1 to form a voltage shunt negative feedback to
stabilize gain and broaden bandwidth. Two Schot-
tky diodes D3 and D4 are also adopted to reduce
the source level of P2 for a proper minus bias of
P1. To improve the gain shape and broaden the
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bandwidth,a peaking capacitance C, is introduced
between the two source followers. By the selection
of R, and R;, the outputs of the two current
sources P3 and P6 can be tuned,which is very im-
portant for P2 and P4 to get the proper biases in
this single power supply scheme. Finally, the sec-
ond source follower P4 should be selected deliber-
ately,or eclse an extra resistance R,, has to be
placed here for a good output standing wave
ratio.

Under the conditions of single dominant pole
assumption and without the influence of peaking
capacitance C,,the —3dB bandwidth of TIA can
be expressed as follows™*™ ;

f _ A
ST 2x((Cy + ACOR; + C,R,)
And the transimpedance gain is:
— Rf
C C.R 1
A " AR, T EafRA

@Y

erans =

1+ 2R, +Co)

(2
where A is the open-loop gain, C; and C, are the
parasitic capacitance of feedback resistance and
gate capacitance of PHEMT, respectively,and R,
is the gate resistance of PHEMT.

From Egs. (1) and (2),the increase of A will
benefit the bandwidth and transimpedance gain,
but there exists two restrictions: (1) The influence
of Miller capacitance will become more and more
significant with the increase of the open-loop
gain,and even adversely affect bandwidth; (2) A
certain phase margin is important to both the sta-
bility and a better pulse response of the amplifier.
However,the increase of the open-loop gain may
cause an extra transmission delay and phase shift.
So a moderate A is desirable,especially at high bit
rates.

The feedback resistance R; plays an impor-
tant role in bandwidth and transimpedance gains,
as shown in Egs. (1) and (2),as well as in the
noise current shown in Eq. (7) in section 2. 4. By
the selection of R;,these three parameters can be
tuned easily. But,on the other hand, the variation
directions of the three parameters with R; are not
the same,so tradeoffs should be made.

Furthermore, the capacitances of C, and C,
have close relations to the small signal gain Sy
and the bandwidth, as shown in Fig. 3 (a): when
C, =3pF and C, =0, the solid S, line,especially
from median to high frequencies,is improved ef-

------ C\=3pF C,=0.1pF
4r —— C=3pF C~0
C=0 C~0

I I ]
OO 4 8 12
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Fig.3 Influences of capacitances on gain, bandwidth
and 10Gb/s output eye diagram of TIA (a) Small
signal gain of S, ; (b) Eye diagram with C, = 3pF. C,
=0;(c) Eye diagram with C; =3pF,C, =0. 2pF

fectively compared with the dashed line, which is
the result of C; =0 and C, =0;when C, =3pF and
C, =0.1pF, the S, gets a certain peaking shown
with the dashed-dotted line. In general, an over-
shoot less that 10% can be accepted in many ap-
plications™, because an over peaking effect may
cause an over phase shifting, which will degrade
the output eye diagram in the time domain and
work against a high bit rate transmission, as
shown in Figs. 3 (b) and (¢).
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Fig.4 Schematic of distributed amplifier

2.3 Distributed amplifier

The schematic of a distributed amplifier is
shown in Fig. 4,which consists of seven-stage cas-
code gain cells and two terminal loads. The peri-
odic microstrips and the input impedance compo-
nents of the cascode configuration construct a gate
transmission line (gate-line) , while the output mi-
crostrips and the output impedance components of
the cascode configuration construct a drain trans-
mission line (drain-line). When an input signal is
fed to the gate terminals of the common-source
PHEMTs, it is amplified by the transconductance
and then travels to the drain-line. If only the
phase velocities of the signals in the two transmis-
sion lines are roughly equal, the signals from each
gain cell will add constructively at the output
port”’ . The residual signal in the gate-line and the
reversely transmitting signal in the drain-line will
be absorbed by the two terminal loads.

The cascode gain cell is the most important
part of the distributed amplifier and is redrawn in
Fig. 5 (a) ,where ML1~MLS8 are microstrips,and
F1 and F2 are common-gate and common-source
PHEMTs, respectively. This cell is not only used
for signal amplification, but also regarded as a loss
compensation circuit which has a simplified equiv-
alent scheme shown in Fig. 5 (b) with the output
impedance"*'"

Zow =
stz + ] CU(LML; + LMLG)

X
. 1 .
(ngl +R; +jw Ly ++——7 >+|:st2 +jw(Lys +Lyis) |
jw C1

ngdsl + . 41 o+ 1 _ :|
|:—ja) C + <ngl R, JwL mia iw C, ) + 2

(€))
where 1 and 2 in the subscripts correspond to the
PHEMT of F1 and F2.respectively, Z, is the gate-
source impedance,and Z, is the drain-source im-
pedance.
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Fig.5 (a) Gain cell of DA; (b) Simplified loss com-
pensation circuit; (¢) Gain and bandwidth improve-

ments

The real part of the first term on the right
hand of Eq. (3) is negative under proper assign-
ments, thus the drain-line loss can be compensa-
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load matching on the small signal gain of DA

ted,especially at high frequencies,resulting in sig-
nificant improvements of gain and bandwidth, as
shown in Fig. 5 (c): the dashed-dotted line and
solid line are the simulated small signal gain
curves with cascode gain cells, while the dashed
line is the result of conventional DA topology
with the same number of gain cells in which only
a common-source PHEMT is used. The dashed-
dotted line, with moderate gain peaking at high
frequencies, also shows that the gain profile can
casily be tuned through the selection of compo-
nents C,, R, and ML3~ML6. Moreover, the neg-
ative resistance effect makes it possible for more
gain cells to be added for even larger gain without
compromising the bandwidth, because the number
is actually limited by loss.

The terminal loads of gate-line and drain-line
are shown in Figs.6 (a) and (b) respectively. Due
to the much larger capacitance of the gate-line
than that of the drain-line, the gate-line is more

transmission line terminal load on 10Gb/s output eye
diagram of distributed amplifier (a) R; = 15Q; (b)

R3;=220;(c) R; =8Q

sensitive to signals,and any signal reflected from
the terminal will lead to gain ripples,as shown in
Fig. 6 (¢):line 2 is the small signal gain under the
condition that the terminal load, with R; = 15Q,
has relatively good impedance matching with the
gate-line; however,when R; =20 or 10Q.an over-
shoot or undershoot at low frequencies occurs as
shown in line 1 or 3,as well as larger gain ripples
at other frequencies. Thus, good impedance matc-
hing between the terminal loads and transmission
lines should be realized for the absorption of re-
dundant signals,and the key component R; should
also be an alternative in view of process devia-
tions,as shown in Fig. 8 (b), where three resist-
ances are placed parallel at the terminals of the
gate-line and the drain-line, respectively. In our
design,there are two signal paths in each terminal
load for signal absorption,while the gate-line load
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also acts as a minus bias port.

To illustrate the influence of impedance mis-
matching on time domain performances, some
10Gb/s output eye diagrams of DA have been sim-
ulated as a function of the resistance R;. Results
arc shown in Fig. 7. When R; =220, the “eyelid”
becomes thicker, predicating a larger noise level
and a reduced amplitude,and the timing jitter also
increases markedly, as shown in Fig. 7 (b); when
R; = 8Q, an obvious dumped ringing occurs, as
shown in Fig. 7 (¢). Thus,the impedance mismatc-
hing between the terminal loads and transmission
lines degrade the output eye diagram of DA bad-

ly.
2.4 Noise analysis

There are four main noise sources in the tran-
simpedance amplifier™!;
(1) Equivalent input Johnson noise current of

common-source PHEMT .

il = 4kTr

(szc CafC) \f )

(2) Shot noise current induced by the gate
leakage current:

iP = 2ql,Af (5
(3) 1/f noise current:
T/, = 4kTT M ]}Af (6)

(4) Johnson noise current of the feedback re-
sistance .
? _ 4kT
i R,

There are three main noise sources in the dis-
[12, 1\;]

Af (7

tributed amplifier-
(1) Noise current from the gate-line terminal
load:

v kT Zr iN$
= 2111 + el
iy 7. Z, (8
(2) Noise current from the drain-line termi-
nal load:
- _ kT Zdl
9
lag = Zdl (€D
(3) Noise current from the cascode cells:
i [ Lk Z .k - (k-%)0
ciscode - ‘Zk 1 = ( f Zf g)+
an Lak - (n-k+3)0
X d
2 2Dde ) (10)

where k is the Boltzmann constant, T is the abso-
lute temperature, I' is the noise factor, Af is the

bandwidth, g, is the transconductance of

PHEMT, C, is the gate capacitance of PHEMT, g
is the electron charge, I, gate leakage current of
PHEMT., f. noise corner frequency of PHEMT. Z;
forward gain of DA, Z, backward gain of DA, N
gain cell number of DA, ¢ transmission delay, 6, .
0, propagation constants of gate-line and drain-
line,respectively, iy » iqx €quivalent gate and drain
noise current of the kth cascode cell,respectively,
Zw » Z forward and backward gain induced by
the kth cascode cell, respectively, D, , Dy current
division terms at gate and drain,respectively,Z, ,
Z 4 impedance of the gate-line and the drain-line
load, respectively, and Zp, drain II-section image
impedance of the m-derived section.

From these equations. we can see that the
TIA has relatively simpler expressions for equiva-
lent input noise current with explicit physical
meaning, whereas the DA, with more complex
equivalent circuit and noise model of cascode con-
figuration, has noise current terms with a seem-
ingly indirect relation to PHEMT’s parameters. In
fact,all the noise currents mentioned above come
from three sources: (1) Noise from the PHEMT,
which consists of Johnson noise, shot noise, and
1/f noise. The first two are coupled to the input
and output terminals of the PHEMT by intrinsic
capacitances. At the input, the noise current is
converted into noise voltage due to the input im-
pedance of the PHEMT,and it is amplified by the
transconductance, forming the output noise volt-
age together with the noise formerly coupled to
the output terminal. These capacitive coupling
effects become more significant with the increase
of frequency, thus the noise augments rapidly,
which is also the fundamental reason for the con-
clusion emphasized in Ref. [13] that the output
noise of the cascode cell is the most significant
contributor to the total noise of the DA especially
at high frequencies, as well as that the contribu-
tion of transistor loss to the total noise should not
be ignored. So a transistor for low noise applica-
tions should have the characteristics such as low
intrinsic capacitances and resistances, which also
benefit the 1/f noise as shown in Eq. (6). Based
on the facts mentioned above, a 0.5pm T-gate
GaAs PHEMT is adopted in our design. (2) Noise
from the feedback resistance.as shown in Egs. (1)
and (7),a large feedback resistance will reduce
the Johnson noise, but there exists a limit of band-
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Fig.8 (a)Transimpedance amplifier die; (b) Distribu-
ted amplifier die; (c) Assembly for measurement

width. (3) Noise from the terminal loads of trans-
mission lines,as shown in Eqgs. (8) and (9),a large
impedance will reduce the noise current effective-
ly, and reports show that the equivalent input
noise current spectrum density of DA is reduced
25% only by the enlargement of gate-line load im-
pedance from 50 to 100Q*'. However, for meet-
ing the impedance matching condition, the gate-
line characteristic impedance will also be en-
larged, resulting in a decrease in the cut-off fre-
quency,thus the bandwidth is reduced.

From the above discussion, we see that the
transistor parameters, such as capacitance, resist-
ance, and transconductance are crucial to the
noise performances of TIA and DA.so the selec-
tion of an active device is the primary task in the

s11 1 /REF 1 S: 2.9377 6226959 231 gHz
$22__ SWR 1 /REF 1 5: 1.7913 6.226 953 231 GHz

Cht Markars CH2 Markers

113.4: 11 1.3088
0300 GHz  2.00000 GHz

23,9792 21 1.4037

00000 GHz  4.80000 GHz

3 3.0782 3 1.7168
6.00000 GHz

Hz
5 4 28332 4 2.2023
.\?g\ nm.n;%nz £.60080 GHz
kvi

83
s?
S

|

@0
r
S
]
o
8

o0
22
E)
SN
=
oo
laa
o5,

chs Markdrs  CHa Markers

! 8.0060/dB  1i-52.306 dB
Cor Hz 2.80000 GHz

B 21-45.149 dB
4.00600 GHz

=

PRm £.5400/dB 31-42.683 dB
Cor Hz 6.00000 GHz

7.76501dB  4i-42.483 dB
£.00000 GHz  6.90600 GHz

-
o

START 050 900 000 GHz TOP 16.300 600 060 GHz

(€

REF 1 5t 2.1823 17.993 030
REF 1 5:1.5353  17.993 030 350 ohz

 chimarkers CH2Markers

41 1.4 41 1.5389
FATIMHz 719449 WAz

2L 2 11560

15412 GHz  4.15412 GHz

3 1.8 3 1.2801
smt?u 7.93916 BHz
4L 41,3158
43.0179 GHz  13.0129 GHz

+ o oWy W X))
@ e B/ REF @ d 1651008 17,993 0%0 350 otz
7‘1 _.QE_T!_.’{&SE 838 -34.709 dB__ 17,993 030 350 6

| cha Markdrs o4 Markers

17.993030p5 GHZ 13.232l08 11-39.182 a8
Cor Si9THHz 719445 Mz

Z30%d8  21-44.452 dB
3 2 445412 GHz

PRm 11.766 ‘MB 338,929 dB
Cor 93516 QHz  7.93916 GHz

| S - 5 N ALIAT AR 41-34.465 dB
1 Hz  13.0129 GHz
: N 4 A e “‘3!
1 (N AR | \

'START .ASA AAA AAA AR TP 27.AA AAR ARA AH7

(b)

Fig.9 (a)Small signal S parameter of TIA; (b)Small
signal § parameter of DA

design of a low noise amplifier. Furthermore, for
some special qualifications, the circuit parame-
ters,such as operating points,feedback resistance,
gain cell and so on,may be tuned.

3 Measurements and performances

The TIA and DA dies, with areas of 1050um
X 1080pm and 2700pm X 1560,.m, respectively, are
fabricated on the 76mm GaAs PHEMT process-
ing line of the Nanjing Electronic Device Institu-
te,as shown in Figs.8 (a) and (b).Before meas-
urement, the dies were assembled into a special
package which has microstrips bonded on the bot-
tom and two SMA connectors terminating the
ends,as shown in Fig. 8 (c¢). For TIA or DA
alone. the input and output ports of the die are
connected to the microstrips through golden
wires,as to the cascade configuration of the two
amplifiers, the output of the TIA and the input of
the DA are connected together through a micros-
trip and golden wires. The biases, fed through the
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and DA ,respectively.

The small signal S parameters of the TIA and
DA were measured under — 30dBm input power
with an Agilent 8720ES vector network analyzer
(VNA), and the results are shown in Figs.9 (a)
and (b). The TIA has a bandwidth of 10GHz,
with a fat gain curve of S, around 9dB from 2 to
8GHz,and the input standing wave ratio (SWR)
is somewhat degraded since the selection of the
common-source PHEMT and the feedback resist-
ance emphasized gain and bandwidth. The DA has
a bandwidth close to 20 Hz with a gain of around
12dB,and the input and output SWRs are less than
2. Both amplifiers have very good reverse isola-
tions.

The noise figures (NF) were measured with
an Agilent N8975A noise figure analyzer and the
results are shown in Fig. 10. For the TIA, the NF
varies in the range of 4. 3~7. 2dB with an average
of 5.3dB, and. above 1. 5GHz, the NF becomes
larger with the increase of frequency in general.
While the DA has an NF of 3~6. 5dB with an av-
erage of 4. 28dB,and the NF curve varies in two
reverse tendencies with frequency on both sides of
7.5GHz,although there is a relatively flat bottom
between 6 ~9GHz, so it looks like a saddle. The
relation between the equivalent input noise cur-
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Fig.11 10Gb/s eye diagram measurements of ampli-

fiers

(a) Eye diagram of input signal; (b) Output of
TIA; (¢c) Output of DA; (d) Output of the cascade
connection amplifier
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“ Z()
so the equivalent input noise current spectral den-
sities of the TIA and DA are 16.7 and 14. 6pA/

+/Hz ,respectively.

To evaluate the time performances,we meas-
ured output eye diagrams using an ADVANTEST
D3186 pulse pattern generator and an Agilent
86100A oscilloscope. The input signal was 10Gb/s

an

NRZ pseudorandom binary sequences with a
peak-to-peak amplitude of 50mV, as shown in
Fig. 11 (a).In the output eye diagrams of Figs.11
(b) and (c¢),the amplitude, timing jitter and sig-
nal-to-noise voltage ratio for TIA and DA are 140
and 202mV,18 and 12ps,3. 4 and 8. 8, respective-
ly. The cascade configuration of TIA and DA has
a symmetrical eye diagram with an amplitude of
582mV , which can be converted into a small signal
gain of 21.3dB or a transimpedance gain of
55.3dBQ in 50Q system,and the timing jitter and
signal-to-noise voltage ratio are 17ps and 5.4, re-
spectively, as shown in Fig. 11 (d). We can see
that the cascade amplifier has a significantly en-
larged gain and an improved signal-to-noise volt-
age ratio compared to that of TIA, which will
benefit the sensitivity and bit error rate (BER)
for the optical receiver. Moreover, the distortion
of the input signal,amplified by the DA as shown
in Fig. 11 (c),is also rectified by the cascade am-
plifier,as shown in Fig. 11 (d).

4 Conclusions

A cascade connected preamplifier is devel-
oped with domestic material and process technol-
ogies, which consists of two widely different am-
plifiers of TIA and DA. The influences of some
key parameters on the performances,such as small
signal gain,bandwidth,noise,and eye diagram are
discussed in detail. The measurements show that
not only do the TIA and DA perform well, but al-
so that the cascade amplifier has a significantly
enlarged gain, an improved signal-to-noise ratio,

as well as a good 10Gb/s functional mode.
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