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A 12-GHz High-Efficiency Tapered Traveling-Wave
Power Amplifier With Novel Power Matched
Cascode Gain Cells Using S1iGe HBT Transistors
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Abstract—In this paper, we present the analysis, design, and
implementation of an integrated power distributed amplifier
(DA), fabricated in a low-cost 0.25-ptm SiGe BiCMOS technology.
The circuit consists of four novel inductively peaked cascode gain
cells, which are capacitively coupled to the base line for power
optimization and bandwidth enhancement. Due to the tapered
collector line, no output termination resistor is required, which
provides higher efficiency. Design tradeoffs for maximum band-
width, gain, output power, and efficiency are discussed by means
of analytical calculations and simulations. A gain of 11 dB with
a gain flatness of 1 dB has been measured over a frequency
range from 1 to 12 GHz. 19.5-dBm output power is obtained at
the 1-dB compression point (P; gp) in the desired frequency
range with an associated power-added efficiency of 22.1% and a
maximum output third-order intercept point of 31.5 dBm. The
power dissipation of the amplifier is 400 mW from a 5-V supply.
On-chip biasing is implemented via low dropout voltage reference
driven by a bandgap voltage source. To the authors’ knowledge,
this is the highest output power achieved by an HBT DA in SiGe
technology in this frequency range. The chip size is 2.1 mm?. Good
agreement between simulation and measurement were achieved.

Index Terms—BiCMOS, distributed amplifier (DA), integrated
circuits, power amplifier, traveling-wave amplifier (TWA), silicon
germanium (SiGe).

I. INTRODUCTION

LTRA-WIDEBAND (UWB) has received significant at-
U tention as a promising and strongly evolving technique
for high data-rate communications, high-resolution short-range
radar sensors, and high-precision local positioning systems. By
spreading the signal power over a wide range of the radio spec-
trum, large frequency diversity, high spatial resolution, and high
sensitivity can be achieved. Distributed amplifiers (DAs) are ap-
pealing aspirants for UWB systems due to their inherently large
bandwidth. The two major challenges in designing distributed
power amplifiers are maintaining high linearity over the entire
bandwidth since narrowband linearization techniques cannot be
utilized and achieving high output power and efficiency. Inte-
grated traveling wave power amplifiers with high output power
have already been published in leading-edge III/V technolo-
gies, like GaAs [1]-[3], providing high substrate isolation and
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ft BV, values. More than 30-dBm output power at about 20%
power-added efficiency (PAE) have been reported thus far [1].

The silicon germanium (SiGe) BiCMOS technology allows
implementation of high-frequency integrated mixed-signal
circuits for higher level of system integration on chip. Hence,
BiCMOS constitutes an alternative for implementation of
low cost and highly integrated RF circuits. However, silicon
suffers from large parasitic elements both in active and passive
devices. The main obstacles in the design of silicon-based
traveling-wave amplifiers (TWAs) are the low quality factors of
on-chip spiral inductors and transmission lines, which reduce
gain and efficiency [4]. Recently, several silicon-based DAs
have been published in SiGe BiCMOS [4]-[6] and CMOS
technology [7]-[10] mostly for low-noise and low-power appli-
cations. In [11], a 90-GHz DA in 0.12-pm silicon-on-insulator
(SOI) CMOS has been presented, which exhibits 12-dBm
output power and a 210-mW supply. Significant performance
advantages have been published in [12] utilizing combined
multigated transistors and capacitance compensation. The max-
imum output power at the 1-dB compression point is 15.6 dBm
with an associated PAE of 20%. However, the linearization
is optimized for 5 GHz and more than 14-dBm output power
can only be achieved over 4-7 GHz. A DA using an integrated
16:1 transformer and providing 21-dBm saturated output
power from 0.6 to 2.8 GHz has been presented in [13]. In [14],
a DA using a cascade of inductively coupled common source
gain cells has been published providing a considerably higher
transconductance and low power consumption.

In this paper, we discuss the analysis, design, and implemen-
tation of an HBT power DA delivering almost constant output
power over the entire frequency range of 1-12 GHz. The cir-
cuit was fabricated in 0.25-pm IHP SGB25V value technology
featuring a metal stack with four aluminum metal layers. A
thick top-metal layer is included for implementing inductors.
The novel inductively peaked cascode configuration delivers
higher gain and excellent power matching for both transistors.
With 19.5-dBm output power and 11+ 1 dB gain up to 12 GHz,
the presented DA significantly improves the state-of-the-art per-
formance of HBT wideband power amplifiers.

II. ANALYSIS

A. Distributed Amplification

The principle of distributed amplification using discrete tran-
sistors is a technique where the input and output capacitances
of the transistors are combined with lumped inductors to form
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Authorized licensed use limited to: Nanjing Southeast University. Downloaded on October 23, 2009 at 21:25 from IEEE Xplore. Restrictions apply.



2330 IEEE

Q1l:What does R
mean here? Is it the
impedance seen from
the port from "A" to
the ground? Why it is
%Z‘” L2 T L T L Le I:VROpt,Ropt/Z,Ropt/B,Ropt/Ar

ORY AND TECHNIQUES, VOL. 57, NO. 10, OCTOBER 2009

N

Ropt ;  Rop/2,  Ron/3, Rom/4,

e ey e C"I c{li Col

Vease Sequentlyr) La —l_ Lo T La Les i

[e 2228 Y

Ruias Rpias Ropias Rpias Xcm Out

CshunI CshunI Chunt Cshunt—_[
{.n_IYYY\ . YN I2228" o 2222 2222" In
Lb / 2 Ll, Lb Lb Lb / 2 Z°h % o—YyMm
Zob

Fig. 1. Basic structure of a standard DA with four cascode stages.

artificial transmission lines. The characteristic impedance of a
lossless artificial transmission line Z, and its propagation con-
stant 3 can be calculated as

L
Zo =\ % (1)
B =wVLC 2)

for f < f., where f. is the 3-dB cutoff frequency of the lossless
transmission line. It normally determines the bandwidth of the
DA [14], given as
1
Je ~Jic' 3)

Fig. 1 shows the simplified schematic of a standard DA with
four cascode stages [15]. Additional parallel capacitances C.. in
the output line compensate the smaller c.. values and achieve
constructive RF signal addition.

The electrical lengths of the artificial transmission lines 6.,
and 6y, will be determined by the coherent addition of the col-
lector currents. This condition is given by

Ov. = Ocr, 1<k<N. 4)

However, output power, gain, and efficiency of conventional
DAs are restricted by several limiting factors described in [16],
such as the losses in the collector line termination resistor Z,...
In Section III, methods are described to overcome these issues.

B. Power DA Design Topology

In order to achieve a high output voltage swing, a low tran-
sistor knee voltage V}, is required [17]. Since this goes along
with a large emitter area in HBT transistors, the parasitic capac-
itances become very large. This strongly affects the resonant fre-
quency of the DA according to (3). However, the inductor values
of the base line Ly, as shown in Fig. 1, are given by their char-
acteristic impedance Z,; and the base—emitter—capacitance cye.
Since cy,, is larger than c.e, capacitive coupling has to be applied
in order to increase the bandwidth and linearity [18]. This can
be achieved by adding a capacitor Cj; (1 < i < N), where N
is the number of stages, as depicted in Fig. 2. The total capaci-

Fig. 2. Simplified schematic of a four-stage tapered DA with capacitive
coupling.

tance Cp;che/Chi + Che is a tradeoff between gain, linearity, and
bandwidth since the capacitive voltage divider limits the voltage
swing at the base—emitter diode.

The required inductance is calculated according to

2
Ly — 7%, Ciche

= . 5
Chri + Che ©)

The cutoff frequency of the capacitively coupled base line can

be expressed by
1 /Chi+ cpe
= —\——. 6
f 7V LyCpicpe ©

By varying the capacitances C;, the loss of the input line is
compensated and the input drive at each gain cell is equal-
ized [1].

Fig. 3 illustrates a general collector-line model for DAs. The
parasitic capacitances and inductances are depicted as transmis-
sion lines for a clea QZ: How can we get niform voltage
distribution on the this? And what is G, t the first one,
can be matched to . . - e the collector
line is terminated & Flg'Bl' - iklc, the ad-
mittance of the first gain cell G; is calculated as Gopt + Yoe,
which results in a reduced output power of the first gain cell. For
the given electrical lengths by (4), the optimum output power for
an N -stage DA is

G
Poyw = L - N_1>Pmax 7
¢ <G0pt+Yoc+( ) ()

where Pp,x is the maximum output power of each gain cell.
The base-line attenuation determines the maximum number of
sections and the output power [19]. The maximum output power
can be achieved if Z,. — 00, providing all power directly at the
load. For this case, the total output power is

Pout = NPmax (8)

according to (7). Therefore, each gain cell output has to see its
optimum load impedance R, looking toward the load to yield
its maximum output power.
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Fig. 3. Equivalent collector-line model.

The equivalent load resistance of the N cell device Ry, is
simply the parallel combination of the optimum resistances

R,
Rp = Tpt. ©)

The waves add together constructively when the length of the ar-
tificial collector transmission line compensates the delays of the
conventional low-pass DA input circuit. Therefore, the equiva-
lent capacitances of the gain cells are sequentially connected
to an artificial collector line network, as shown in Fig. 2. The
network consists of line segments with a special characteristic
impedance, which changes from cell to cell and is, therefore,
nonuniformly distributed. In order to achieve a coherent addi-
tion of the collector currents and a flat gain, additional shunt ca-
pacitances C.; (1 < ¢ < N — 1) are connected to the collectors
of the cascode cells. Considering (2) and (3) the 3-dB cutoff fre-
quency of the tapered collector line decreases with the number
of stages as

1

TNZ,Ceo' (19)

fc,tapcr =

As a tradeoff for highest gain over the whole frequency range up
to 12 GHz, four stages have been chosen. For a larger number of
stages, the substrate losses degrade the RF gain rapidly at higher
frequencies. The input and output impedances are Z, = 50 2
so that the optimum output resistance Rop¢ of each of the four
stages has to be 200 €2 according to Fig. 2. This value has to
be considered in the load line behavior during the design proce-
dure. The artificial transmission lines are formed by combining
the capacitances of the transistors with spiral inductors to reduce
chip size.

C. Device Characterization and Modeling

The DA was fabricated in 0.25-pm IHP SGB25V SiGe
BiCMOS technology featuring a metal stack with four alu-
minum metal layers and a substrate resistivity of 20 € - cm.
Three different HBT transistors for standard, high-performance,
and high-voltage purposes are available.

In Fig. 4, the small-signal model (SSM) of a 36.4-7m? emitter
area transistor with a cutoff frequency f; of 45 GHz is shown.
Since, according to [17], the optimum load impedance for a
class-A power amplifier is

cheo - Vk

Imax

Ropt = (11)
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Fig. 4. SSM of 36.4-um? emitter HBT at V., = 2.5
I. = 20mA, g,, = 525mS, Ry = 2.7 Q, rpe = 2
Che = 2 PF, cep = 91 fF, and ¢, = 28 fF.
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Fig. 5. Comparison between VBIC model and SSM S-parameter simulations
of 36.4-um? emitter HBT at V.. = 2.5V, V},. = 0.848 V, and I, = 20 mA
from 1 to 30 GHz.

the bias point has been set to V., = 2.5 V and I. = 20 mA
for 4-V collector—emitter breakdown voltage V..., and Rop¢ =
100 €2 for each cascode transistor. The comparably large tran-
sistor size is essential to decrease the knee voltage V}, for high
efficiency. The simulated S-parameters of the Vertical Bipolar
Inter-Company (VBIC) model and the proposed SSM of Fig. 4
are depicted in Fig. 5. At this bias point, a f; of 41.5 GHz and a
fmax of 65.5 GHz were extracted.

In Section III, a novel cascode power-matching approach is
introduced using the proposed model.

D. Novel Cascode Power Matching Approach

In order to increase the HBT distributed power amplifier per-
formance, which is limited by the characteristic of the used ac-
tive cells [3], alternative structures are investigated. The cascode
cell is an appealing circuit due to its higher output impedance,
higher breakdown voltage, and reduced Miller effect. Indeed,
if the two transistors are loaded by the required impedance for
optimum power, the maximum power should be available and
the cascode output should be twice as high as compared to a
single transistor. However, the conventional cascode configura-
tion does not meet these conditions since the common base tran-
sistor’s (T¢1,) low-input impedance restricts the output voltage
excursion of the common emitter transistor (7. ). Therefore, it
does not see its optimum power load impedance [1]. In addi-
tion, the power performance of the cascode cell becomes one of
the most important challenges to obtain maximum output power
over the required bandwidth. To be power optimized, another se-
ries capacitor C, is added on the base of T, to avoid its early
power saturation compared to 7. [20]. An SSM of the modified
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Fig. 6. SSM of the modified cascode gain cell.

cascode gain cell is depicted in Fig. 6. The input impedance of
T, can be calculated as

Zbe,i = L
L+ jwebe,iTbe,i
1
Zcb,z — jwccb,qj
Fees = 1+ ]iwcco,irco,i
JWCce,i

Zin,cb =The,2 + Ry 2 + (12)

JwCy
for 7 = 1, 2; the output impedance of T, as

Zce (Zbe,l + Zcb,l)
Zout,ce = . (13)
Zce,1 T Zbe,1 + Zcb,1

The capacitor C, and input impedance zin c1, act as a voltage di-
vider between the optimum values for v..; and vpe2. For HBT
transistors with low input impedances and high input capaci-
tances cpe, this procedure strongly affects vy,e2 and the amplifier
gain as well according to

1
ija + Zb072):|

X Gm?2 Ube2 Zce,2

Vout = Gm1 Ubel |:ch,1|| (Rb,Z +
(14)

with

Zbe,2 (15)

Ube2 N Vcel

Ry o+ jwlCa + Zbe,2
whereby the impact of c., is neglected. Therefore, a tradeoff
between high gain and output power has to be investigated [16],
[21]. In order to achieve higher gain and more bandwidth, an
additional inductor is added between the collector of 7. and
the emitter of T,;,. The small-signal schematic of the modified
cascode cell with inductive peaking is presented in Fig. 7.

The output resistance z,,¢ of the modified cascode circuit can
be written as

1
out z ce ] L(l ce e R .
Zout N Z, ,2+[(]w + z ,1)|| <Zh 2+ b’2+jw0a>}
(16)

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 57, NO. 10, OCTOBER 2009

Coe,2 Tee,2
Ube2 = GD Vce2
Cee,2
1+

Vout
Ceb,1

Coe,1

Em1Ubel

! 1 !

Vin Vcel

Fig. 7. SSM of the modified cascode cell with inductive peaking.
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Fig. 8. Voltage gain of the cascode cell with and without additional inductor
L, = 1.5 nH and various capacitances C,, .

neglecting the influence of c.,. This leads to a resonance effect,
which is dominated by L,, C,, and c¢y,.. The self-resonant fre-
quency f; of the LC low pass according to (3) can be calculated
as

a7

The influence of a 1.5-nH inductor and various capacitances C,,
on the voltage gain of the cascode cell is demonstrated in Fig. 8.

The resonant frequency shows good agreement with the the-
oretical considerations in (17). Another effect is that the output
impedance of the cascode cell increases significantly from 2 to
15 GHz with the influence of the 1.5-nH inductor.

The initial values for L, and C, are then optimized under
large-signal conditions using nonlinear simulations of the
inductively peaked cascode circuit close to 1-dB compression
point in order to obtain the maximum output power and effi-
ciency. Thereby one single cell from Fig. 2 is used to synthesize
the required ratio between the values of the inductor and capac-
itor. The test circuit is terminated with a 200-(2 resistor. The
goal is to have equal deflections of the load lines both for the
common emitter and common base transistor. Fig. 10 shows the
intrinsic load lines, exemplarily at 6 GHz, of the two transistors
with the optimized values L, = 1 nH and C, = 130 fF.

These results demonstrate that the proposed cascode config-
uration can obtain twice the output voltage swing compared to
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Fig. 10. Simulated intrinsic load lines of one cascode cell at 6 GHz for L, =
1nH and C, = 130 fF.

a single common emitter transistor at the same collector current
so that twice the output power can be achieved.

III. CIRCUIT DESIGN AND LAYOUT

A four-stage tapered collector line TWA with capacitive cou-
pling and power-matched cascode cells has been implemented
using the methodology previously described. A simplified
schematic is depicted in Fig. 9. Each gain cell consists of
two 36.4—um2 transistors with BV,., of 4 V and a peak f;
value of 45 GHz, which are connected by a 1-nH inductor L,,
which exhibits a @ factor of 20 at 12 GHz. Staggered inductors
Lo > Les > Les > Loy together with shunt capacitances
C.ill cee (1 <17 < 3) form the tapered collector line to achieve
a coherent addition of the currents and a flat gain over the entire
bandwidth.

Biasing is implemented using current mirrors with a ratio of
32:1 and a low dropout (LDO) voltage reference driven by the
bandgap voltage source. A chip microphotograph of the imple-
mented circuit is shown in Fig. 11. The transistors are biased
through the collector line by means of an external bias-tee. The
bias point was selected at Voo = 5 Vand Vpp = 2.6 V. A
power and ground grid facilitates a low-impedance connection

Fig. 11. Microphotograph of the fabricated 2.1 mm? traveling-wave power am-
plifier.

and due to the low distance between the congruent metal grids
a large capacitor is shaped. The chip size of the amplifier circuit

is 2.1 mm?2.

IV. MEASUREMENT RESULTS

The distributed power amplifier chip was tested via on-wafer
probing. The measurements of the circuit were carried out using
an Agilent N5242A PNA-X vector network analyzer. Fig. 12
shows the simulated and measured small-signal gain S3; and
input return loss Si1.

The TWA exhibits a measured gain of 11 dB with a gain ripple
of =1 dB up to 12 GHz and a 3-dB bandwidth of 13 GHz. Sim-
ulated and measured output return loss Sy, and reverse isolation
S1o are illustrated in Fig. 13. Both the input and output return
losses are below —12 dB over the entire frequency range. The
measured reverse isolation S12 remains below —35 dB. The cir-
cuit is unconditionally stable, also verified for large RF input
signals.
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TABLE 1
STATE-OF-THE-ART OF UWB PA PERFORMANCE. AT 2-10-GHz FREQUENCY RANGE
Ref. Technology Bandwidth Gain P14 Pgc PAE Chip size
[7] 0.13 um CMOS 2-8GHz 17dB 3.5dBm 84 mW 2.36 % -
[8] 0.18 um CMOS 3-10GHz 10dB 5.6-9.4dBm 100 mW 3.0-7.8% 1.76 mm?
[10] 0.18 um SiGe BiCMOS | 0.1-11GHz 8dB -6.1- -5.2dBm 21.6 mW 1-1.2% 0.76 mm?
[11] 0.12 ym SOI CMOS 1-90 GHz 11dB 12dBm 210 mW 6.95 % 1.28 mm?
[12] 0.18 um CMOS 3.7-8.8GHz | 8.24dB 12-15.6 dBm 154 mW 8.7-20 % 2.8 mm?
[13] 0.13 um CMOS 0.6-2.8 GHz 20dB 14-17 dBm - 3-6.5% 3.6 mm?
[14] 0.18 um CMOS 0-11GHz 11/16 dB - 19.6/100 mW - 1.44 mm?
[16] 0.25 um SiGe BiCMOS 2-12GHz 9.5dB 13-14.3dBm 250 mW 7.71-9.6 % 1.16 mm?
This Work | 0.25um SiGe BiCMOS 1-12GHz 12dB 16.2-19.5 dBm! 400 mW 10.3-22.1%' | 2.1mm?
20 T
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Fig. 12. Simulated and measured small-signal gain S»; and input return
loss S11. Fig. 15. Output power P,,;, PAE, and OIP3 measured at 1-dB compression
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Fig. 13. Simulated and measured output return loss S, and isolation S;..
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Fig. 14. Output power P, and PAE at center frequency 7 GHz.

Fig. 14 shows the output power and PAE at the center fre-
quency of 7 GHz. The 1-dB compression point is at 17.45 dBm
with an associated PAE of 13.9%. The saturated output power

point.

is 20 dBm and the maximum PAE is 22.1%. Output power at
1-dB compression point, corresponding PAE, and the output
third-order intercept point (OIP3) are depicted in Fig. 15.

The output power at P; 4p varies from 16.2 to 19.5 dBm be-
tween 2—10 GHz with a PAE ranging from 10.3% up to 22.1%.
An almost flat characteristic has been obtained over the en-
tire bandwidth. The third-order intermodulation intercept point
is better than 26.8 dBm up to 12 GHz and 31.5 dBm at its
maximum.

The accomplished performance is compared with the
state-of-the-art in Table I. The DA in [12], which is imple-
mented in 0.18-pm CMOS, comes closest for comparison.
Its maximum output power at a 1-dB compression point is
15.6 dBm with an associated PAE of 20% and 8.24-dB gain.
The novel cascode power matching approach with an additional
inductor shows significant improvement compared to [16] with
14-dBm output power and 9.5-dB gain.

This tapered DA achieves a maximum output power at P; 4p
of 19.5 dBm and 11-dB gain with a flatness of =1 dB. To the
authors’ knowledge, the broadband performance is the best that
has been published for SiGe BiCMOS thus far.

V. CONCLUSION

A tapered collector line traveling-wave power amplifier with
anew cascode power matching approach has been implemented
using a low-cost 0.25-um SiGe BiCMOS technology. The op-
timum tradeoff between wide frequency range, high gain, and
output power has been investigated and a demonstrator chip
was designed. An efficient design procedure has been developed
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considering the power distribution between the amplifier stages
and their load line behavior. The SiGe DA was manufactured at
the IHP, and, to the authors’ knowledge, exhibits the best broad-
band performance ever reported for SiGe BICMOS DAs in that
frequency range.
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