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Abstract

Low noise amplifiers for ultra-wideband application are presented in this thesis.
Darlington feedback topology has been adopted to design a broadband amplifier and
demonstrated using heterojunction bipolar transistors (HBT). Except for the basic
Darlington feedback topology, three other derivative configurations are introduced in
thisthesis:

(1) To save the power consumption, atransistor, whose base and collector are
connected together, is utilized to substitute the bias resistor.

(2) To improve the noise figure, parallel several transistors at the output stage.

(3) To get higher insertion gain, cascade two basic configurations.

In addition to theoretical analyses and simulation results, the circuits and

measurement results are presented in the last chapter.
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Chap.1 Introduction

Since Federal Communications Commission (FCC) has approved the
ultra-wideband (UWB) radio for commercial applications on February 14, 2002, this
relatively new wireless technology, which is originally pursued for military purpose,
has been exploited in recent years. Compared to conventional narrow band
communication systems, UWB technology spreads the energy of radio signal over a

very wide bandwidth, as shown in Fig.1-1.

A .
Conventional
0 }w band
Transmitted

Power

[ ! Ultra-wideband
FCC limit l

I
| L
>

HFrequency

Fig.1-1 Comparison between

Conventional narrow band and Ultra-wideband

According to Shannon’s information capacity theorem:
datarate = bandwidth x 1og, (SNR) (1.1)

Theoretically, data rate increases linearly with the transmission bandwidth.
Therefore, UWB technology can provide high data rate at low cost with relatively low
power consumption.

The FCC has allocated 7.5GHz of spectrum for unlicensed use of UWB devices
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in the 3.1 ~ 10.6 GHz frequency band. Based on this exceptionally large frequency
spectrum, UWB technology has attracted a lot of interest from both industries and
academia. Since for UWB applications, power spectral density of the transmitted
signal is extremely low, it suggests that one of the most critical components in an
analog front-end is a broadband amplifier with sufficient gain, low return loss, and as
little additional noise as possible. In this thesis, Darlington feedback topology has
been adopted to design a broadband amplifier and demonstrated using InGaP/GaAs
heterojunction bipolar transistors (HBT).

In the chapter 2, a brief introduction of the HBT devices fabricated by the Global
Communication Technology Corporation (GCTC) is presented. In addition, a detailed
theoretical analysis of Darlington feedback topology is also described.

The chapter 3 presents the simulation results(by ADS) and layouts. Four types of
Darlington feedback amplifier-configurations are introduced. The first type is the
basic topology using a resistor for hiasing,-while the second type using a transistor,
whose base and collector are connected. together, to form an active load. The third
type uses several pardlel transistors at the output stage of Darlington amplifier to
increase insertion gain and lessen noise figure. The fourth type simply cascades two
basi ¢ topol ogies to achieve a much higher gain.

The chapter 4 shows the measurement results and conclusions.
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Chap.2 Analysis of Darlington feedback amplifiers

2-1 Introduction

The most common approach to design a broadband microwave amplifier in
recent years is distributed or traveling-wave amplifier design technique. The basic

topology of adistributed amplifier is shownin Fig.2-1.

«%% Z, Zy Zy Output
i

R EfA

Fig.2-1 Topology of adistributed amplifier

It utilizes severa identical transistors having their gates connected to a
transmission line of characteristic impedance Zg, with a spacing of g, while their
drains connected to a transmission line of characteristic impedance Zg, with a spacing
of lg. The reason why this configuration can achieve broadband amplification is that
these transmission lines can “absorb” parasitic capacitance of devices. However, this
method has some drawbacks: large in size, power hungry, and very poor noise figure
with a moderate gain.

When HBT devices are designed with distributed amplification technique, there
are still some obstacles to overcome because HBT devices have high input
capacitance. It mainly comes from the close proximity to the base to the active

conducting region. Although high input capacitance leads to high transconductance, it
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also limits high frequency performance at the same time. By scaling the device to a
small size to get lower input capacitance, the connecting transmission line must
incorporate larger unwanted base and emitter resistances, resulting in a very lossy
transmission line.

Single-stage direct-coupled configuration reported in the past is well suited for
GaAsbased HBT [1], [2]. This topology consists of two Darlington-connected
transistors. Negative feedback is achieved by a shunt-shunt resistor connection. This
feedback resistor also dominates input and output impedances. As a result, if this
resistor is well chosen so that input/output is matched to the system impedance
(always 50(2), excess matching networks are not needed, which eases the complexity
of the circuit.

We start with a brief introduction (;f GCTCHBT devices.

1

2-2 GCTC HBT deviges ~ o

HBT technology is an advanced transistor technology for high performance and
high frequency applications. The GCTC HBT power process is based on InGaP/GaAs
materials. Fig.2-2 illustrates the cross-section of a GCTC HBT.

Emitter
Base Contact Emitter Mesa

Contact
& / Base Pedestal
[

Collector
/

Collector
Contact

\

Sub-collector

GaAs Substrate

Fig.2-2 Cross-section of HBT

12



The basic operating physics of GCTC HBT devices is similar to that of silicon
BJTs. For NPN type devices, when base-emitter junction is forward biased, electrons
are injected from the emitter into the base, thereby allowing charge to flow between
the collector and the emitter. The ratio of electron-to-hole injection is called the

emitter efficiency, v, which can be expressed as:

_ Ny, AE,
r= e ) (2-1)

Ne is the emitter electron doping concentration. ve is the effective velocity of
electrons injected into the base. py is the base hole doping concentration. vy, is the
corresponding velocity of holesinjected into the emitter, and A Ey is the differencein
bandgaps of emitter and base. The larger value of 7 would directly lead to a lager
current gain, .

GaAs-based HBT benefits from a wide:-bandgep material in the emitter layer,
particularly at the emitter-base junction.—That means there is some degree of
discontinuity in both the conduction and the valence band edges in the junction region,
leading to alarge value of A Ey. According to equation (2-1), this, in turn, allows the
base doping to be made quite high without degrading 7. As a result, high base
doping concentration makes the GaAs HBT have a very high current gain, arelatively
low base resistance, and a high Early voltage.

The high base doping concentration also allows the base region to be made quite
thin. This has two important effects: the transit time across the base is very short; and
the base transport factor, « 1, isvery high, allowing for high operating frequency and
increasing the current gain, respectively.

In addition, GCTC power HBT process employs a relatively low collector
doping level to further increase the breakdown voltages, BV . and BV .

Some features of a GCTC HBT are listed in Table 2.1 on next page.
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Base-emitter turn-on voltage 1.12Vv

DC currentgain (5) 75 (typical)

fo/ fmax 35GHz / 55GHz

Breakdown voltage BV > 13V
BV > 23V

Table 2.1 Performance of GCTC HBT

2-3 Basic Darlington cell

A basic Darlington cell and the corresponding AC currents are shown as Fig.2-3.

'8 acIi |

Q
A8 A1)

Fig.2-3 Basic Darlington cell

The primary advantage of the Darlington cell is that: an appropriate choice for
resistor Ryias Yi€elds twice the cutoff frequency (f;) of a single common-emitter

configuration. This can be proved as follows.
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The low frequency voltage gain of a ssmple common emitter amplifier is
proportional to the ac beta /5 of the transistor. The low frequency ac beta of the

transistor can be characterized by a dominant pole approximation given by

Bo
Bac(s) = —— 2-2
" 1+ 7 (2-2)
@ p
where @ s isthe 3-dB bandwidth of the ac current gain. The cutoff frequency ;s
related tow s,
o, = By xw, (2-3)

From Fig.2-3, the effective ac current gain of the Darlington cell, /3 «, can be

approximated as

B == ot B L0 24

| (B 52)

This equation occurs when the resistor Ryixs IS adjusted so that the ac current
through Ryizs 1S equal to the ac current.in‘the‘emitter of Q.. Under this condition, the
Darlington cell can have an effective cutoff frequency of (250 x ® ), which twice
that of a single transistor. Therefore, the Darlington cell significantly improves the
gain-bandwidth product of the common emitter amplifier topology.

Besides, the Darlington cell also provides larger input impedance. According to

the resistance reflection rule, the input impedance looking into the base of Q; is

Ry =(B+D(ry + Rias I1,2) = (B+D(ry + Ryas) (2-5)

Output impedance is approximately (ro1 || ro2), Where ro; and rq, are the output
resistances due to the Early effect. Therefore, both input and output impedances are
relatively large compared to 50C2. How to achieve input and output matching

simultaneously will be discussed in next section.
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2-4 Input and output matching

Elementary wideband amplifier topologies, such as the common-emitter, always
use two methods for input matching: put (1) a shunt input resistor as Fig.2-4 (a) or (2)

a common-base transistor at input as Fig.2-4 (b).

(@ ®
Zin
Zin

——

2
!

Fig.2-4 (a) A shunt input resistor for input matching

I — L
]

(b) A common-base transistor.for input matching

For Fig.2-4 (a), the input impedance looking into the base of a common-emitter
transistor is very large compared to 50€2. It is quite straightforward to put a 502
resistor across the input terminals. Unfortunately, this impedance-matching resistor
also adds as much equivalent noise as that of the source resistance and produces a
very high noise figure.

As for the configuration in Fig.2-4 (b), the resistance looking into the emitter is
approximately equal to 1/gm, where g, is the transconductance of the common-base
transistor. It follows that a proper choice of the bias current can provide the desired
input resistance. However, this bias condition is usually far from the optimum noise

figure [3], which meansit is also not a suitable approach for input matching.
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In contrast with the open-loop architecture, negative feedback can break the
trade-off between source impedance match and noise performance. A useful wideband

amplifier topology isillustrated as Fig.2-5.

R; :
Z1n ' T
-

Fig.2-5 A negative feedback resistor for input matching

A resistor Rr isinserted to provide shunt-feedback. The input impedance is given

Ry = 1+R—/Fw (2-6)
where A is the amplifier's open-loop gain and S is the feedback factor. Hence, the
feedback resistor Re becomes the dominant noise source, as well as determines the
input impedance. Simple noise analysis shows that the equivalent noise contribution
of Rris (1+A /) times smaller than that of source resistance. As aresult, theoretically,
if the open-looped gain A is sufficient over the operating frequency band, a broadband
amplifier with low noise figure and good impedance matching could be achieved.

A Darlington feedback amplifier combines both advantages of a Darlington cell
and negative feedback technique. It can be proved the feedback resistor is able to
realize both input and output impedance matched to 50(2 .

17



2-5 Darlington feedback amplifier

Fig.2-6 Darlington feedback amplifier

A Darlington feedback amplifier with an AC source and terminal impedances is
illustrated in Fig.2-6. Some designersialso add another resistor at the emitter terminal
of Q; to introduce negative feedback and improve high frequency response, but aso
degrade insertion gain a the :same time. The following analysis is based on the
configuration without this resistor.

At low frequency, Qi acts as an emitter follower forcing Q, to dominate the
effective transconductance of the circuit. Neglect Q;, the small signa model of

Fig.2-6 can be smplified as Fig.2-7.

L. i S

Fig.2-7 Small signal model of Darlington feedback amplifier
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System impedances (Rs, R.) are set to the same value R (always 50(2). R; can be
obtained from equation (2-5), which is much larger than R. R, approximates (roz || ro2),
which is also a large value with respect to R. Gy, is the transconductance of Q..
Assume the feedback resistor Rg is comparable to R, the input and output impedances

(Rin and Royt) can be expressed as:

_ _R+R
Ro =Ry = LGR (2-7)

Setting Re equal to GR? will make Ri, and Ry approach system impedance R.
Under these matched conditions, the low-frequency voltage gain is the same as the

insertion gain Sy; as:

A=5,=-(G,R-]) (2-8)
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Chap.3 Circuit designs and layouts

3-1 Typel: Basic Darlington amplifier

The design methodology is described in details as follows. We start with an
expected insertion gain of 15dB. According to Equation (2.8) in the previous chapter,
the transconductance of Q. can be calculated as 132.47mS. Then, the corresponding
bias DC current of Q. is about 4 ~ 5mA. Referring to the design manual provided by
GCTC, the best-performance device for this biasing condition is selected. In addition,
the feedback resistor is set to G,R?, 33012, and the DC bias current of Q; is initially
set to ImA.

The ssimulation result of thisinitial guessis shown in Fig.3-1.

m1 m2 m3
freq=0.0000 Hz | freq=0.0000 Hz freq=0.0000 Hz
dB(S(2,1))=14.579 | dB(S(2,2))=-30.002 | |dB(S(1,1))=-30.243

20m1

o

freq, GHz

Fig.3-1 Initial guess
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In Fig.3-1, at DC condition, the insertion gain is very close to the expected value
15dB. The first emitter follower stage accounts for the dlight difference between the
expected value (15dB) and the simulation result (14.579dB). Both input and output
return losses are about —30dB without matching circuits.

However, since the 3dB-bandwidth is expected to cover 3.1 ~ 10.6GHz (UWB),
the values of the bias resistor and the feedback resistor need to be modified. After

tuning, the optimal schematic of the circuit is shown in Fig.3-2.

9.85 mﬂsv -9.85 mA

W_DC
+| SR
R = vi=5v
RS Z

R=230 Ohm

073y —
273V 273V

= HEETD
o b 73 2 73
TR2200 0hm
B.66 m
2y - D73y
B1O0A |
. 311 ma
S
| T
B2 uA
B.70
R -316 A

Rz
§ R=200 Ohm G700y

hi3.9 Uy B8 (i

i

Fig.3-2 Schematic of Type | configuration

In Fig.3-2, the biasing condition is also annotated. The total power consumption
is49.25mW. The DC power supply is set to be a normal value, 5V. A 230Q) resistor,
rather than a choke inductor, is used to provide proper biasing conditions for two
Darlington connected transistors. It is because: (1) an on-chip inductor will occupy a
very large area, and (2) the 230(2 resistor, which introduces much less noise than the

300¢2 feedback resistor, has little influence on the noise performance.
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The simulation result isillustrated in Fig.3-3.

m1 m2 m3
freq=1.000GHz freq=15.00GHz ||freq=14.00GHz
dB(S(2,1))=11.462 [dB(S(2,1))=8.615|dB(S(1,1))=-9.431

20 —mt

i m2
10— A 4 \ 4
e 0 m3
N== ] \ 4
S 1]
DAOD 59
9gg
_30_
40 —
50 T | T | T | T | T | T | T | T
0 2 4 6 8 10 12 14 16

freq, GHz

Fig.3-3 Simulation result.of Typel configuration

After setting the current through Q; to 6.66mA, the insertion gain is much flatter
and the 3-dB bandwidth is extended-to about-15GHz. The output return loss is less
than —15dB, and the input return loss degrades to about —9.5dB in 10 ~ 15GHz.

The noisefigureislisted in Fig.3-4.

freq NFmin nf(2)
0.0000 Hz 4.769 5.278
1.000GHz 4.797 5.298
2.000GHz 4.881 5.355
3.000GHz 5.014 5.449
4.000GHz 5.188 5.575
5.000GHz 5.393 5.729
6.000GHz 5.620 5.906
7.000GHz 5.863 6.100
8.000GHz 6.113 6.308
9.000GHz 6.366 6.525
10.00GHz 6.619 6.747
11.00GHz 6.868 6.970
12.00GHz 7.112 7.192
13.00GHz 7.348 7.412
14.00GHz 7.577 7.626
15.00GHz 7.797 7.835

Fig.3-4 Noisefigure of Typel configuration
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According to the simulation results, this configuration has two obvious
drawbacks: relatively large power consumption and poor noise figure. The following

two sections provide some methods for improving of these drawbacks.

3-2 Typell: Darlington amplifier with an active load

As mentioned in the previous section, the basic configuration consumes a lot of
power. In this section, a transistor where its base and collector are connected
substitutes the 2002 resistor. The schematic circuit with corresponding biasing

condition is shown in Fig.3-5.

7.EB mA\S y -7 BE ma,

| SR
R = Ydc=a%
RS o -
R=300 Ohim
70 =
2.70 %
AVATLY
R 302 ud
R4 L 70y L 70y

Rl F=300 Chy

— 283 D70y
302 U,

-2.25mé

HAT Uy

497 u bl i,

Fig.3-5 Schematic of Typell configuration

The simulation result and noise figure are shown in Fig.3-6 and Fig.3-7,

respectively.
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m1
freq=3.100GHz
dB(S(2,1))=11.960

m2
freq=10.60GHz

dB(S(2,1))=8.956

m3
freq=15.00GHz
dB(S(2,1))=7.034

20 Tl

m4
freq=15.00GHz
dB(S(1,1))=-14.247

—

- v m2 m3
10— — Vv
=== 0
N~ i
AN 10 m4
wnon ] A 4
[sa)eajen) 7
ToTOT -20—

freq,

GHz

Fig.3-6 Simulation result of Typell configuration

freq NFmin nf(2)
0.0000 Hz 5.147 6.014
1.000GHz 5.173 6.028
2.000GHz 5249 6.069
3.000GHz 5.366 6.135
4.000GHz 5.514 6.220
5.000GHz 5.681 6.322
6.000GHz 5.859 6.435
7.000GHz 6.042 6.556
8.000GHz 6.223 6.683
9.000GHz 6.402 6.813
10.00GHz 6.577 6.944
11.00GHz 6.747 7.077
12.00GHz 6.912 7.211
13.00GHz 7.072 7.345
14.00GHz 7.229 7.478
15.00GHz 7.382 7.612

Fig.3-7 Noise figure of Typell configuration

This configuration consumes 38.3mW, which saves almost 25% power compared
with the basic type. Nevertheless, the flathess of insertion gain is heavily influenced,

and the 3-dB bandwidth shrinks to about 10GHz. In 3.1 ~ 10.6GHz frequency band,
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the average insertion gain is still about 10.5dB, and the noise figure is similarly poor.

3-3 Type IIl: Darlington amplifier with parallel

output stage

As mentioned in the previous sections, the biasing condition of Q. (the output
stage) dominates the insertion gain while that of Qi (the first stage) influences the
flatness. In this section, the DC current through Q. is equalized to several parallel
transistors. Considering the magnitude and the flatness of insertion gain, the number
of these parallel transistors should be carefully selected. After the observation, the

number is set to be three, and the schematic circuit is shown in Fig.3-8

105 mé,
I s
+| sr¢
R = Wdc=5Y
RS -
R=220 Ohim 5
L 70 =
~ 270V
R 67.5 A,
R4 b 70 0 70
[ ER=250 Oh
549 ma 270 2700
268 W
IW': 270 D 70 Y D 70 Y
1 G4 ma,
-5.56 mé, m 1,64 ma 164 ma
1324
W o 132 132
ol ol
203 Lk
M 203 ud |: 20.3 u |:
5.50 ma
F -1 66 m&,
R2 7.9 Uy TR TR Sl EEma
§ =240 Chim
67.9 UV 57.9 uv
B E7 9y
E7.9 Ly 0E m

i

Fig.3-8 Schematic of Typelll configuration
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The simulation result and noise figure are in Fig.3-9 and Fig.3-10, respectively.

m1
freq=6.000GHz
dB(S(2,1))=13.814

m2
freq=14.00GHz
dB(S(2,1))=10.819

m3
freq=1.200GHz
dB(S(2,2))=-11.698

m4
freq=14.00GHz
dB(S(1,1))=-13.670

20

e |
1

B}
- v m2
SN
AN 3
nnn 17 m
Som 10 W md
AN R
_20_
B e B B B L EL A A B

freq, GHz

Fig.3-9 Simulation result of Type 1 configuration

freq NFEmin nf(2)
0.0000 Hz 4.198 4.441
1.000GHz 4.215 4.454
2.000GHz 4.266 4.494
3.000GHz 4.348 4.559
4.000GHz 4.459 4.649
5.000GHz 4592 4.759
6.000GHz 4.745 4.889
7.000GHz 4914 5.035
8.000GHz 5.093 5.195
9.000GHz 5.281 5.366
10.00GHz 5.474 5.546
11.00GHz 5.670 5.731
12.00GHz 5.867 5.921
13.00GHz 6.064 6.113
14.00GHz 6.260 6.305
15.00GHz 6.453 6.498

Fig.3-10 Noise figure of Typelll configuration

The insertion gain increases about 2dB with comparable power consumption and
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both input and output return loss maintain below —10dB.

The noise figure of Darlington feedback structure is relatively high (reported
5-6dB at 10GHz in [1]), because that feedback resistor unavoidably introduces the
input noise to the output. Besides, noises coming from devices also should be
considered. In Type Ill configuration, paralleling these transistors is equivalent to
paralleling these corresponding noise sources, leading to a smaller noise source and
indirectly improving the noise figure. Compare Fig.3-10 with Fig.3-4, paraleling

three transistors at the output stage improves the noise figure of about 1dB.

3-4 Type I V: Cascade Darlington amplifier

This configuration simply cascadestwo-Darlington amplifiers. Since both input
and output are well matched to 502, two Darlington feedback amplifiers are

connected directly. The schemati€ is shownin'Fig.3-11.

542 m,
W_DC

R 203 ud

132
Gy 21.3us
B.60 m,

R

R2
R=200 Chm
4.1 Uy
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B EE ma,

674 md

3.08 ma

1.54%

Wiz
37Aus

6.70 m,
R

R7¥
R=200 Chm
3.0 U

-3.12ma

SENETY

9.82 mA

i

Fig.3-11 Schematic of Type IV configuration



The simulation result and

the noise figure are in Fig.3-12 and Fig.3-13,

respectively.
m1 m2 m3
freq=6.400GHz freq=15.00GHz | |freq=14.00GHz
dB(S(2,1))=18.639 |dB(S(2,1))=15.704 |dB(S(1,1))=-10.166
m1
20 m2
] VvV
10—
s28 |
RSN S
NDHN 1
B38% ] m3
10 — A
E—’—/—’—’_’—,_’_’_/_/_’_,_’_’_/_,r
-20 I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I
0 2 4 6 8 10 12 14 16

freq, GHz

Fig.3-12 Simulation result of Type IV configuration

freq NFmin nf(2)
0.0000 Hz 5.975 6.355
1.000GHz 5.999 6.374
2.000GHz 6.069 6.430
3.000GHz 6.182 6.522
4.000GHz 6.331 6.644
5.000GHz 6.509 6.793
6.000GHz 6.710 6.963
7.000GHz 6.926 7.151
8.000GHz 7.153 7.351
9.000GHz 7.386 7.560
10.00GHz 7.623 7.775
11.00GHz 7.861 7.994
12.00GHz 8.098 8.215
13.00GHz 8.334 8.437
14.00GHz 8.568 8.660
15.00GHz 8.800 8.883

Fig.3-13 Noisefigure of TypelV configuration

These two feedback resistors are set to be 2502 as considering of the flatness of

the insertion gain. Two biasing resistors are also fine tuned and optimized. The noise
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figure degrades about 1dB than that of a single-stage one. Power consumption is

almost twice while insertion gain boosts up of about 5dB.
3-5 Layouts

The layout of aHBT deviceis shown in Fig.3-14.

Double Base

Collector
o’

Fig.3-14 Layout of asingle HBT device

Metal 1 is used to interconnect the primary circuit elements. A length of metal
could be considered as a microstrip line with substrate thickness of 100um and
dielectric constant of 12.9 ( ¢ ;= 12.9 for GaAs). The width of a50(2 microstrip line
is about 73 um. Since the width of base (about 20 ¢z m) is much smaller than 73 um, a

“stepwise” layout, as shown in Fig.3-15 on next page, is used to feed the RF signals.
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Fig.3-15 L ayoutsof - an AC feeding structure

Fig.3-16 and Fig.3-17 show the comparisons of insertion loss and return loss

between a stepwise structure and afeeding line of 20 ¢ m in width.

AC feedl
-0.005
-0.01
-0.015
-2~ DB(S2,DI)
00 Stepwise feeding
-=DB(SQ2,DI)
20um line feeding
-0.025

1 6 11 15
Frequency (GHz)

Fig.3-16 Comparison of insertion loss
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AC feed2

-20

-30

-40

-50

—=DB(IS(L,DI)

-=-DB(IS(L,DI)

Stepwise feeding

20um line feeding

-60

6

11

Frequency (GHz)

Fig.3-17 Comparison of return loss

15

It is obvious that a stepwise structures(“A\™ dots) provides lower insertion loss

and better return | oss.

There is another important. issue: -eurrent ‘density. It governs the sizes of

interconnecting metals and thin film resistors. The table below lists some relative

design rules.

Metal 1 Metal 2 Thin film resistor
Min. width 2um 2um 14um
Min. spacing 2um 2um 2um
Max. current density [3mA/ ¢ m of width [5SmA/ ¢ m of width |ImA/ ¢ m of width
Sheet resistance 50Q2 /square

Table 3-1 Design rules
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According to Table 3-1 and DC currents annotated in the schematics of four
configurations, the sizes of resistors and interconnecting metal can be decided. The

layout of Type I configuration is shown in Fig.3-18.

sRY

]
-

-

—_
o]
#

_%___|

|

|

| |

| Iy

| Backside Via
L —

il I"‘n

Fig.3-18 Layout of Type F conflguratlon
.-

Fig. 3-19 showsthe enlarged V|ew of central part of Fig. 3-18.

300 ohm Spacing = 10 um
W=2um — ' ' =
G3%G Q3= B
230 ohm
W =15 um
200 ohm
W =10 um

Fig.3-19 Central part of Typel configuration
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In Fig.3-18, the backside via provides electrical contact between metals and the
ground plane. The distance between the central part and the backside pad is 20 4 m,
which is a little longer than the minimum space, 15 m. The spacing between two
HBT devices is kept to be 10z m. The widths (in ¢ m) of thin film resistors are
chosen to handle 1.5 times (in mA) of the corresponding DC currents.

The overall layout of Type Il configuration is shown in Fig.3-20 and the central

part iszoomed in Fig.3-21.
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Fig.3-20 Layout of Typell configuration
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Fig.3-21 Central part of Typell configuration
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The overall layout of Type Il structure is shown in Fig.3-22 and the central part

iszoomed in Fig.3-23.

E:’ZIH —{ 250 ohm
'::E | W=2um

()
ol
=
Lord
L]

=
m il T |
J!Li JJ”"“‘I:‘ » | |
: o] I output|
s | |
[S—
Fig.3-22 L;é&put of LI'ly[:'xelll configuration
|
“: DEX:B }3?;
o o |
O | 220 ohm
W =20 um

240 ohm

_ | W=10um

Fig.3-23 Central part of Typelll configuration

The bases and emitters of three transistors are connected together through silicon

nitride vias between metal 1 and metal 2. A more detailed view is shown in Fig.3-24

on next page.



Via
Spacing = 10 um

[ [ T

— — ]

Fig.3-24 Metal 1 and Metal 2

The sizes of vias are set to minimum (1.6 #zm x 1.6z m). The widths of two
parallel metal 2 are both 3 # m, and the spacing is 10 . m. The relatively large spacing
(compared with line width) can avoid unwanted coupling and feedback effects.

The Type |, 11, 11 configurations occupies no more than 550 gm x 350 g m
of chip area.

The overall layout of TypedV structure is shown in Fig.3-25 and the central part

iszoomed in Fig.3-26.

I i_____‘l
|
5V I : 5y
| |
| |L
| | |
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- — |
1 1 L
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Fig.3-25 Layout of Type |V configuration
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272 ohm 235 ohm

W =15 um W =15 um
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S¥B LDIXNE DIER 03B

\ / I ‘
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Fig.3-26 Central part of TypelV configuration

[l

3-6 Modified ssmulation results

The arrangement of layouts will significantly influence measurement results,
especially the emitter-to-ground metals. These connecting metals can be
approximately equivalent to inductors. It is known that ground inductors definitely
have great effects on the stability and high frequency performance. As a result, these
metals must be taken into account.

An EM simulator (Sonnet9.52) is utilized to simulate ground metals and then
export to a“.sp file”. These files are used to modify ordinary simulation results. For

example, reconsider Type | configuration. After the layout is fixed, the ground metal
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isdrawn (by Sonnet9.52) as Fig.3-27.

(3]

i

= “‘:r‘_ﬁf%f' P B

gl =
Fig.3-27 Groundims by Sonnet9.52
S

. 1B '.‘:'. 1"’!
The practical ground metal |s@1bw_pnm ,@“’328.

03D I8

4

Fig.3-28 Practical ground metal

Compare Fig.3-27 with Fig.3-28, Port 1 connects the emitter of the output stage

37



transistor. Port 2 corresponds the ground pad, and Port 3 de-embeds to the joint of the
biasing resistor. Since the thickness of metal 1 is much greater than the upper
dielectric layer (silicon nitride), the “Thick Metal” model provided by Sonnet9.52 is
utilized for a more precise simulation results.

After including the ground metal effect (asin Fig.3-29), the modified simulation

result of Type | configuration is shown in Fig.3-30.

Fig.3-29 Schematic with ground metal model

m1 m2 m3
freq=1.000GHz freq=15.00GHz [freq=13.50GHz

dB(S(2,1))=11.322|||[dB(S(2;1))=7.933|dB(S(1,1))=-9.063
20 —1 ,
m2
¥ i
0— m3
== \ 4
(\l‘—“\— .
AN AN —
om0
mmm 4
T T T
-40 —
60 T | T | T | T | T | T | T | T

freq, GHz

Fig.3-30 M odified simulation result of Type | configuration
Compare Fig.3-30 with Fig.3-3, it is amost the same at low frequency while
insertion gain reduces about 0.6dB at high frequency, leading to the shrinkage of 3dB

bandwidth.
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Similarly, Fig.3-31, Fig.3-32, and Fig.3-33 show the modified simulation results

of Typell, Typelll, and Type IV configurations.

m1 m2
freq=3.100GHz freq=10.60GHz
dB(S(2,1))=11.806| |dB(S(2,1))=8.775
m3 m4

freq=15.00GHz freq=15.00GHz
dB(S(2,1))=6.869|  |dB(S(1,1))=-13.950

20 i

4 m2 m3
104%

freq, GHz

Fig.3-31 Modified simulationiresult of Type Il configuration

m1 m2
freq=6.000GHz freq=14.00GHz
dB(S(2,1))=13.095| |dB(S(2,1))=9.585

m3 m4
freq=1.200GHz freq=14.00GHz
dB(S(2,2))=-12.225||dB(S(1,1))=-11.995

20 4
mt
§ \ 4 m2
10— EE—— . A
N o

freq, GHz

Fig.3-32 Modified ssimulation result of Typelll configuration
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m1 m2 m3
freq=6.000GHz freq=15.00GHz  ||freq=14.00GHz
dB(S(2,1))=18.206 |dB(S(2,1))=14.640|dB(S(1,1))=-10.259
m1
20 A 4 m2
] e /
10—
Sl
AN~ N 7
050
S I m3
10— ////L
Sl L T e S e A R
0 2 4 6 8 10 12 14 16
freq, GHz

Fig.3-33 M odified simulation result of Type IV configuration
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Chap.4 Measurement results and conclusions

A photograph of acircuit is shown in Fig.4-1.

The S-parameters and noi

Fig.4-2, Fig.4-3, Fig.4-4 and Fi

Darlington_basicl

20 3.1 GHz
1223 4B 10.6 GHz
9.536 dB
10 o Aé%@:h@
0 10.6 GHz
4.33 Gz -10.36 dB
-13.71 dB
-10
%% %%
-20
& DB(S(L, Dl)
Darlington_basicl
-30 £ DB(SC )
Darlington_basicl
& DB(S(2,2)))
Darlington_basicl
40 R DBISU,2)
1 Darlington_basicl 6 11 15
DB(S, D
eSim(ulgtiorz o1 Frequency (GHz)

Fig.4-2 S-parameter of Typel configuration
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Darlington_active?2

. 10.6 GHz
7.786 dB
3.101 GHz
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20 B s X 3
- DB(S(L,)I)
Simulation S21
£ DBISQ. DN
-40 Darlington_active?2
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-60 DB(SQ, ) (I
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Frequency (GHz)
Fig.4-3 S-parametef of Type I configuration
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20 11316 dB
10.6 GHz
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Darlington_par2 -9.961 dB
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Simulation S21

Fig.4-4 S-parameter of Typelll configuration
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Darlington_cas2
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Fig.4-5 S-par ametet of Tyipe |V configuration
Noise Figure
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Fig.4-6 Noise figures of four configurations

Generally, except for Type IV configuration, the insertion gains at low frequency

are close to simulation results. Type | configuration has a smooth insertion gain. Type
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Il configuration consumes less power but has a poor noise figure. Type 1l
configuration has larger insertion gain and better noise performance.

Amazingly, the insertion gain and noise figure of Type IV configuration is
superior to simulation results, while return loss degrades to about —3.4~-5dB. | think it

is because the model provided by GCTC is underestimated.
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