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Abstract: A 2GHz power amplifier realized in IBM 5PAe 0. 35um SiGe BiCMOS technology is reported. This amplifier
was implemented in a two-stage single-ended structure. All components except choking inductors were integrated on-chip.

Full-frequency stability was achieved using serial resistors between the bases of the transistors and matching inductors. The

off-chip test proved the stability under all the supplied voltages. At V. =3.5V, Vy =6V, the small signal gain was 20. 8dB,

the input and output reflectance was less than — 17 and — 16dB,respectively,and the P2 Was about 24dBm. At the out-
put power of 25. 1dBm,the PAE was about 21. 5% ,and the second and third harmonics were less than —45 and — 52dBc,

respectively. This insures the linearity of the circuits.
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1 Introduction

The PA (power amplifier) is one of the key com-
ponents in wireless communication systems. Up to
now,PAs working in RF (radio frequency) band have
mostly realized in expensive technologies, such as
GaAs. Compared with GaAs technology, SiGe Bi-
CMOS technology has become more attractive for RF
PA design owing to ultra-high f; and f,..high cur-
rent gain, high breakdown voltage, and good thermal
conductivity of the substrate. Moreover,due to its full
compatibility with standard silicon processes, SiGe
BiCMOS technology enables IC designers to easily in-
tegrate PAs with other modules to realize real single-

chip RF transceivers,resulting in better chip perform-
1~5]

ance and lower system costs-

The operating mode of the PA is determined by
the signal type to be amplified. For a non-constancy
envelope modulation in WCDMA systems, PAs of
class A or class AB are widely used owing to their
good linearity and simple structure in spite of their
poor efficiency. The problem is how to obtain the op-
timum resistance R,, in the PA design, because the
largest output power can be achieved only when R,y
is obtained, and then the output matching network
can be fixed. The classical method to obtain R,y is
using the load-pull technique with a load-pull system.
If there is no such system, the simple calculation in-
troduced by Cripps is substituted"® .

In this paper,a 2GHz PA realized in IBM 5PAe
0.35ym SiGe BiCMOS technology is reported. Ac-
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cording to the off-chip test results, the circuit can
work stably under all supply voltages. Under the con-
dition of V. =3.5V, Vy =6V,and f = 2.0GHz, the
circuit has a small signal gain of 20. 8dB,and the input
and output reflectance are — 17.2 and — 16. 4dB, re-
spectively, indicating good input and output matc-
hing. The output power P2 is about 24dBm. When
the circuit delivers a power of 25. 1ldBm.the 2nd and
3rd harmonics are —45.1 and — 52. 1dBc, respective-
ly. Although some parameter deviations exist between
the simulation and the test results, and the process
models should be improved, the technology proves to
be effective for PA design. It is also proven that for
RF PA application,the conventional GaAs technology
can be replaced by SiGe technology.

2 Technology description

The 0. 35pm SiGe BiCMOS technology 5PAe was
introduced by IBM in 2007 as a developmental tech-
nology for PA design. Now, it is in a trial period of
small scope for further evaluation. It was improved on
the base of 0.5um SiGe BiCMOS 5HP/AM/DM/PA
technology. In the new technology, HB npn transistors
and via holes through substrate to the back side were
introduced.

The 5PAe technology provides rich types of com-
ponents for PA design, including the HB npn tran-
sistor with f; =25GHz.BV,, =7.5V,and >130; the
polyresistor,n” diffusion resistor, p* diffusion resis-
tor, PE poly resistor, NS resistor, siliced resistor, L1
TaN BEOL resistor, thick oxide MOS,single MIM and

(©2008 Chinese Institute of Electronics
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Fig.1
metal to metal (MIM) capacitor,and dual MIM capacitor (not
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double MIM capacitors,single metal layer and double
metal layer inductors,via holes,diodes,and so on.

The technology has 4 metal layers, as shown in
Fig. 1. The thicknesses and materials are M1 (0. 65 *
0.06pm,Cu), MT (0.79 + 0.08m, Al), E1 (3.0 %
0.5pm,Cu),and MA (4. 0% 0. 4um,AD . respectively.
The rich metal layers are convenient and flexible.
This technology appends an L1 resistor with low para-
sitic capacitance between MA and El,a high density
and double MIM capacitance whose model has four
types of backboard selection, with the schema shown
in Fig. 1. This makes the simulation results closer to
the situation of the real layout.

In the trial technology,the HB transistor has on-
ly one component model and layout with a fixed size
of 3 X 20pm X 0.8um = 48um*, and the collector cur-
rent density is 0. 23mA/pm* at the peak value fr( Vg,
=3V).

3 Circuit design

The structure and operating state of a PA are de-
termined by the requirements of practical applica-
tion. Generally, the single-ended topology is most
popular. For the application of non-constant enve-
lope,where a linear PA is needed to reduce the enve-
lope distortion, a class-A or class-AB PA is usually
adopted. The stage number is usually determined by
the output power and gain of the amplifier. Most PAs
need two or three stages. In this design, a two-stage
configuration was adopted. Figure 2 shows the sche-
matic of the PA.

In Fig. 2, HBT; consists of 12 single transistors,
while HBT, consists of 48 transistors. The emitter
arecas of HBT, and HBT, are 576 and 2304ym2, re-
spectively. Considering the current capacity, the col-
lector choke inductances are realized off-chip while
all other components are integrated on-chip.

The design of the matching networks of the PA is
critical because they affect not only the reflection but
also the effective output power. The matching net-
works of a two-stage PA include the input, the inter-
mediate,and the output stage. In order to achieve the
maximal output power, the output matching network
must be designed correctly in order to realize the
maximal power transmission. Generally, when the op-
timum load impedance Z., of the transistor is ob-
tained, the circuit has the largest output power and
power matching can be achieved. We obtain Z,, by
exploiting the load pull technique, which relies on a
special system not owned by all designers. Without the
system,a brief calculation with Cripps’s method is

adopted to obtain the real part R, of Z,, »usually®’ .
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Fig.2 Schematic of the PA
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where Ve is the power supply, I is the fundamen-
tal component of the collector current, which is equal
to the DC current Ipc in case of class-Asand P,, is the
optimum output power, which is the object output
power in general.

Combining Eqs. (1) and (2) and considering the
saturation voltage Vcgw » Rop can be given as:
— (VCC B ‘/CEsa\t>z

2P
In practice,any collector choke inductor is not i-

Rop (3)

deal. There is always a little resistance Rgrcsresulting
in a voltage drop that makes the practical result less
than that of the calculation. Thus, we can modify
Eq. (3) as:

_ Wee =

2
R VCEsat B R RFC IDCmax )
opt —

2P
Based on the above equations, we can calculate,

4

re-adjust, and optimize R,, in conjunction with the
simulation. Then,we can get Z,,,and decide the out-
put matching network. There are many structures for
matching networks. In this design,a T-type structure
is selected to achieve a near match for the resistance
values. Based on the simulation and comparison, the
output matching with serial inductors can reject the
harmonics output effectively. The intermediate matc-
hing network is similar to that at the output. For the
input matching, the traditional conjugate matching
method is used.

The stability of the amplifier (that is,the rejec-
tion for oscillation) should be considered especially
for PA design. Generally, the stability of the amplifier
is related with the S-parameters of the transistors,the
matching networks,and other factors. A two-port net-
work may oscillate when the input or output port pro-
duces a negative resistance. In order to guarantee the
stability over the whole frequency band,it is necessa-
ry to assure that each stage is stable in the frequency
band. An effective method to achieve stability is to
insert a serial resistor in the base of the transistor or
in the negative feedback branch from the collector to
the base of the transistor. A serial resistor in the base
of the transistor not only can achieve alternating sta-
bility, but also can prevent the transistor damage
caused by current worsening and improve thermal sta-
bility. So this method is exploited in this design'”’ . The
higher the value of the serial resistor,the more stable
the circuit is,but with a decrease in gain. So,it is nec-
essary to make a trade-off. In this design,a proper se-
rial resistor was selected. The serial resistors R; and

Fig.3 Chip photo of power amplifier

R; with a small value were inserted between the input
stage and inter-stage match inductance to assure fur-
ther stability.

The circuit simulation is executed with Cadence’s
Specter® . The layout photo is shown in Fig. 3,and the
chip area is only 1. 55mm X 0. 95mm.

4 Test results

Bonding test was used. Figure 4 shows the bonded
test base.

The test was executed in the chip test laboratory
of the Institute of RF- & OE-ICs in Southeast Univer-
sity. The testing equipment includes a DC power sup-
ply 66309D, a network analyzer E5071B (300kHz ~
8.5GHz), a signal generator E4438C (250kHz ~
6. 0GHz), and a spectrum analyzer E4440A (3Hz ~
26.5GHz) , which are all Agilent products.

The DC test was made first. At Vy =6V and V¢
=3.5V., I and I were 88.2 and 325. 2ZmA., respec-
tively. As a comparison, the simulation results showed
that I and I, were 83.9 and 331. 8mA, respective-
ly,but at Vg =3V and V. = 3.5V. The test results
show that the values of the serial resistors R, and R,
may be the same as that in simulation. The result indi-
cates that the g of the transistor in practice is only
about half of that in the simulation model. Thus, the
tested amplifier gain decreased about 3dB.

Figure 5 shows the experimental and simulated
results of the small signal S-parameters.

Fig.4 Photo of bonded test base
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Fig.5 Experimental and simulated results of the small signal S-
parameters

Figure 6 shows the experimental and simulated
results of the output power and harmonics.

The experimental results indicate that:under the
condition V. =3.5V, Vy =6V,and f=2.0GHz, the
circuit has a gain close to 21dB; the input and output
reflectance are —17.2 and — 16. 4dB,respectively,in-
dicating that the circuit has good input and output
matching. The experimental output power P2 Was
about 24dBm. At the output power of 25. 1dBm, the
PAE is about 21. 5% and the 2nd and 3rd harmonics
are less than — 45 and — 52dBc, respectively, indica-
ting that the circuit has good linearity.

5 Conclusion and analysis

In this paper,a 2GHz PA was designed and fabri-
cated in SiGe BiCMOS trial technology 5PAe intro-
duced by IBM. A two-stage single-ended circuit struc-
ture was adopted. Excluding collector choke induc-
tors, all the other components were integrated on-
chip. The circuit simulation was executed with Ca-
dence’s Specter®. The Z,, demanded for each stage
was estimated with Cripps’s method to achieve the
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Fig.6 Experimental and simulated results of the output power
and harmonics

optimum matching. By inserting serial resistors be-
tween transistor bases and matching inductors, full-
band stability was achieved. The off-chip test results
indicated that the circuit can work stably under all
supply voltages. Under the condition V¢ =3.5V, Vy
=6V,and f=2.0GHz,the circuit had a small gain of
20. 8dB, and the input and output reflectance were
less than — 17 and — 16dB, respectively, indicating
good input and output matching. The tested output
power P ... was about 24dBm. When the circuit de-
livered a power of 25.1dBm, the PAE was about
21.5% ,and the 2nd and 3rd harmonics were —45.1
and — 52. 1dBc, respectively, indicating that the cir-
cuit has good linearity. The designed PA achieves bet-
ter performance than the previous work in Ref.[5] in
terms of output power, PAE.and so on under equiva-
lent conditions. The deviation between the experi-
mental and simulated results indicates that the process
models need to be improved. The tested and simulated
output power has good consistency,proving the feasi-
bility of the technology in the design of PAs.
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