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A 2.4-GHz SiGe HBT power amplifier with bias current controlling circuit*
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Abstract: A 2.4-GHz SiGe HBT power amplifier (PA) with a novel bias current controlling circuit has been realized
in IBM 0.35-um SiGe BiCMOS technology, BICMOSS5PAe. The bias circuit switches the quiescent current to make
the PA operate in a high or low power mode. Under a single supply voltage of +3.5 V, the two-stage mode-switchable
power amplifier provides a PAE improvement up to 56.7% and 19.2% at an output power of 0 and 20 dBm, respec-
tively, with a reduced quiescent current in the low power mode as compared to only operating the PA in the high

power mode. The die size is only 1.32 x 1.37 mm?.
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1. Introduction

In modern wireless communications systems, the design
of RF power amplifiers (PA) for mobile equipments is a chal-
lenging task. A PA generally consumes considerable power
in the whole transceiver system. The efficiency of the RF PA
is, therefore, one of the key requirements. On the other hand,
the growing demands for information throughput for rapidly
evolving consumer wireless products have resulted in the im-
plementation of RF modulation schemes, which have low tol-
erance for system non-linearity. The design of highly efficient
and highly linear PAs has become a critical issue.

The efficiency of a PA is mainly determined by the ef-
ficiency of the power transistor and by losses in the output
matching network. Both of them strongly depend on the choice
of the technology. In past years, HBT PAs have dominated the
medium power transmitter market due to their excellent lin-
earity and PAE. Since GaAs-based integrated circuits are rel-
atively expensive and the heat dissipation of the substrate is
poor, SiGe HBTs are more attractive due to their higher sub-
strate thermal conductivity, lower turn-on voltage, lower sat-
uration voltage Vcgsar and lower cost. Unfortunately, SiGe
HBTs have their own disadvantages: the resistivity of the sub-
strate is low, which adds significant parasitics to both active
and passive components; the breakdown and early voltages are
relatively low, which are detrimental to the gain, the linearity,
and the dynamic range of the PAI!l,

Usually, a PA has a higher efficiency at its maximum out-
put power, but in most cases it only needs to work in a middle
output power state!?l. A back-off of the output power results in
a significant decrease in efficiency. A well-known technique
for improving the average system efficiency is to use a bias
control system. In this work, we report on a 2.4-GHz SiGe
HBT PA with a novel bias current controlling circuit. It is
realized in IBM’s BiICMOS5PAe, a standard 0.35-um SiGe
BiCMOS technology. The bias circuit switches the quiescent
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current to make the PA operate in high or low power mode.
Under a single supply voltage of +3.5 V, the two-stage mode-
switchable PA provides a PAE improvement up to 56.7% and
19.2% at an output power of 0 and 20 dBm, respectively, ow-
ing to the reduced quiescent current in the low power mode.

2. Technology description

This work was based on the IBM 0.35-um SiGe BiCMOS
process with base-after-gate integration approach. It provides
two state-of-the-art NPNs, a high performance NPN and a high
voltage NPN, with f1—BVcgo values of 40 GHz/6.0 V and
27 GHz/8.5 V, respectively. Owing to the fact that the sig-
nal in the power amplifier has a large swing, the high voltage
transistor is suitable for the PA design. When biased under
the Class-AB operation, the supply voltage of the HBT can be
set to 3.5 V since the maximum operation of a SiGe HBT is
largely limited by its average voltage and current 13!,

As shown in Fig. 1, this process also provides high qual-
ity on-chip passives: 1.35 fF/um? MIMcaps with 40 V break-
down voltage (a dual MIM stack allows up to 2.7 fF/um?
capacitance density), 60 Q/sq. TaN resistors, and a thick
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Fig. 1. Sketch of the back-end-of-the-line stack.
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Fig. 2. Schematic of the bias current controlling circuit.

dual-metal (3.0 um Cu and 4.0 um Al) for high Q induc-
tors. The most notable characteristic of this technology is that
it provides a low resistance and inductance ground through-
wafer-via (TWV), rendering the possibility to design a high
performance PA at low cost!.

3. Bias circuit design

In order to increase the efficiency, it is common practice
to bias a HBT PA at low quiescent current when working in
the back-off state. For bias switching mode operation, a new
on-chip bias current controlling circuit is devised, as shown in
Fig. 2. The emitter follower bias circuit provides temperature
compensation and reduces the need for a reference current’!,
The collector current density of the reference transistor Q1 is
designed so as to be equal to the collector current density of
power transistor QO. It is important to provide a proper ratio of
the balance resistors R; to Ry, which is equal to the area ratio
S of QO to QI. If the needed quiescent current of QO is I, the
needed current .. drawing from reference voltage Vs is as
follows:

(Iq Iy I ) 1 ( 1 1 1 )
Lee=(o+—<+t=Blz=|lm+mc T3 le (D
B BS BSTIB \B* PSS BS

If B and the area ratio S are large enough (> 100), the emitter
follower bias circuit only needs tens of microampere current
while the conventional mirror current bias circuit needs sev-
eral milliampere, and it is also insensitive to a variation of the
reference voltage. The parallel capacitor C; connecting to the
base of Q1 forms a low pass filter with resistors R; and Ry,
which provides a good isolation between the bias circuit and
the RF signal path. When Vi is less than 0.5 V, the designed
PA works in the low power mode and Vg of Q3 becomes 0 V.
In this case, Q3 cannot supply current, and only Q2 supplies
current to the base of Q0. When V. varies in the range of
1.7-2 V, the PA works in the high power mode, and both Q2
and Q3 supply current to the base of QO.

4. Circuit design and layout techniques

Figure 3 shows the schematic of the 2.4-GHz two-stage
mode-switchable SiGe PA with the base bias circuit. All
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Fig. 4. Photograph of the mode-switchable SiGe HBT PA.

components except the RF choking inductors are integrated on
the chip. The high pass T-type input matching network con-
sisting of C;, L;, and C; and increases the overall stability of
the PA because it reduces the gain at low frequencies below
the operating frequency band. In the same way, the inter-stage
matching network consisting of Cs3, L,, and C4 and has a sig-
nificant effect on the stability and bandwidth of the PA. The
output matching network is a low pass T-type network, which
can suppress the high-order harmonics in the output signal;
thus, improving the linearity and the efficiency.

A well-designed mask layout is important for an RF PA
design. For a high power design, a multitude of devices should
be used in parallel in order to distribute the large current
among small unit devices. The binary feed lines can effec-
tively keep an equal phase front in all unit cells. Thirty two
high voltage NPN HBTs with an emitter area of 1536 um? are
used in the output stage, and eight identical NPN HBTs with
an emitter area of 384 um? are used in the driving stage. The
device size of the driving stage is larger than what is needed.
Hence, enough margin is left to guarantee the linearity of the
driving signal. To deliver a high power, a large current should
flow in the power cells, which will cause excessive heat in the
active devices. The excessive heat is destructive to the power
cells and should be dissipated. The grounded TWV connected
to the emitter of the active devices are used as heat ducts and
are placed uniformly and close to the power cells. Therefore,
the excessive heat can be dissipated by the ground plane of
the substrate. On the other hand, it is also equally important
to have uniform heat conduction for each of the unit cell. The
photograph of the power amplifier is shown in Fig. 4.
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Fig. 5. Measured gain, S, and S, of the mode-switchable SiGe
HBT PA.
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Fig. 6. Measured PAE and PAE improvement ratio of the mode-
switchable SiGe HBT PA.

5. Test results

Our Agilent test equipment includes a DC power supply
66309D, a network analyzer ES071B (300 kHz—-8.5 GHz), a
signal generator E4438C (250 kHz-6.0 GHz), and a spectrum
analyzer E4440A (3 Hz-26.5 GHz). As shown in Fig. 5, when
operating in the low power (LP) mode, the measured small-
signal gain is 23 dB, S; is —14.5 dB, and S, is —6.5 dB at
2.45 GHz; while in the high power (HP) mode, the gain is 26.2
dB, S is —14.3 dB, and S, is —8.3 dB. Figure 6 shows the
measured PAE; and PAEy, PAE improvement ratio (PAEIR)
of this mode-switchable PA. The PAEIR is defined as!®!

PAEL — PAEy

PAEIR =
PAEy

x 100%. 2)

The PAEIR is 19.2% at an output power of 20 dBm but
achieves 56.7% at an output power of 0 dBm. Figure 7 shows
that the second and third harmonics are —32 and —42.5 dBc
at the peak output power 20.3 dBm (P4p_p) When working
in LP mode. In HP mode, the second and third harmonics
are —34.5 and —43.5 dBc at the peak output power 25.2 dBm
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Fig. 7. Measured fundamental output power, second and third har-
monics suppression ratio of the mode-switchable SiGe HBT PA.

6. Conclusion and analysis

A mode-switchable SiGe HBT power amplifier for high
efficiency using a novel bias current controlling circuit has
been realized. With a reduced quiescent current in the low
power mode operation, it provides a PAE improvement up to
56.7% at an output power of 0 dBm and 19.2% at an output
power of 20 dBm as compared to the operation in the high
power mode. It also proves that the low-cost technology, SiGe
BiCMOS5PAe, enables a path for an integrated all-silicon PA
module for future wireless communication systems.
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