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A 2.4-GHz 0.18-�m CMOS Self-Biased
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Abstract—A two-stage self-biased cascode power amplifier in
0.18- m CMOS process for Class-1 Bluetooth application is pre-
sented. The power amplifier provides 23-dBm output power with
a power-added efficiency (PAE) of 42% at 2.4 GHz. It has a small
signal gain of 38 dB and a large signal gain of 31 dB at saturation.
This is the highest gain reported for a two-stage design in CMOS
at the 0.8–2.4-GHz frequency range. A novel self-biasing and boot-
strapping technique is presented that relaxes the restriction due to
hot carrier degradation in power amplifiers and alleviates the need
to use thick-oxide transistors that have poor RF performance com-
pared with the standard transistors available in the same process.
The power amplifier shows no performance degradation after ten
days of continuous operation under maximum output power at
2.4-V supply. It is demonstrated that a sliding bias technique can
be used to both significantly improve the PAE at mid-power range
and linearize the power amplifier. By using the sliding bias tech-
nique, the PAE at 16 dBm is increased from 6% to 19%, and the
gain variation over the entire power range is reduced from 7 to
0.6 dB.

Index Terms—Bluetooth, CMOS, power amplifier.

I. INTRODUCTION

T HERE HAS been an increasing interest in designing RF
power amplifiers in digital CMOS technology, such as

the 0.35- and 0.25-m processes. This stems from the trend
to integrate a complete transceiver together with the digital
baseband part on a single chip. The wireless communication
standard Bluetooth is one of the applications that requires
CMOS integration to achieve low cost and therefore consumer
acceptance. Recently, several fully integrated transceivers in
CMOS technology for Bluetooth have been demonstrated
[1]–[4]. The power amplifier in integrated Bluetooth trans-
ceivers usually meets the Class-3 requirements of 0-dBm
output power. An additional power amplifier with 20-dB gain is
needed to amplify this signal to meet the Class-1 output power
requirement of 20 dBm.

There are two main issues in the design of power amplifiers in
submicron CMOS, namely, oxide breakdown and hot carrier ef-
fect. Both of these get worse as the technology scales. The oxide
breakdown is a catastrophic effect and sets a limit on the max-
imum signal swing on drain. The hot carrier effect, on the other
hand, is a reliability issue. It increases the threshold voltage and
consequently degrades the performance of the device. The rec-
ommended voltage to avoid hot carrier degradation is usually
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based on dc/transient reliability tests. For production require-
ments, the recommended voltage is 5%–10% above the max-
imum allowed supply voltage to guarantee a product lifetime of
ten years. For a 0.18-m process, this leads to a maximum dc
drain–gate voltage of 2 V. CMOS power amplifiers have been
reported with the dc voltage below the recommended voltage,
but with the dc RF voltage levels exceeding the maximum al-
lowed value [5]. The performance degradation due to hot carrier
becomes evident during the first few hours, and the output power
of the amplifier decreases in the order of 1 dB after 70–80 hours
of continuous operation [6]. Though the performance degrada-
tion can be compensated by adjusting the gate bias voltages, it
is desirable to have a design that does not need adjustment over
time.

The fact that the signal swing in a power amplifier can be two
to three times the supply voltage means that the supply voltage
must be smaller than the maximum voltage allowed in the tech-
nology. Designing a power amplifier at a smaller supply voltage
has several drawbacks. In order to get the same output power,
the impedance at the output must be reduced by the square value
of supply reduction.1 The output current becomes larger by the
inverse of the supply reduction. This increases the loss in the
parasitic resistors in the matching network and the transistor. A
larger transistor is required to handle the larger current which in
turn increases the parasitic capacitances. This reduces the input
impedance of the power stage, making the interstage matching
more difficult. Overall, the gain and efficiency are reduced as a
result of reduced supply voltage.

Cascode configuration and thick-oxide transistors [7], [8]
have been used to eliminate the effects of oxide breakdown
voltage and the hot carrier degradation, allowing the use of a
larger supply voltage. So far, in cascode power amplifiers, the
common-gate transistor has had a constant dc voltage with an
ac (RF) ground. Under large signal operation, the voltage swing
on the gate–drain of the common-gate transistor becomes
larger than that of the common-source transistor. Therefore,
the common-gate transistor becomes the bottleneck in terms
of breakdown or hot carrier degradation. In [7], the 900-MHz
0.2- m CMOS cascode power stage uses a combination of
standard and thick-oxide devices (standard device for the
common-source and thick-oxide device for the common-gate).
The thick-oxide device is equivalent to a device in 0.35-m
process, so it can tolerate a much larger voltage. However,
a thick-oxide device does not have the same high-frequency
performance of the standard device. A cutoff frequencyof
26 GHz is typical for thick oxide in a 0.2-m CMOS compared

1Ro = V =(2:P o) whereRo is the output impedance,V is voltage andPo
is the output power.
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with its standard device which has a typical of 50 GHz. The
thick-oxide device basically provides a lower gain at RF. In a
cascode combination of thick and standard devices, the thick
device limits the high-frequency performance. In other words,
even though we use a more advanced technology (0.2-m
process compared with 0.35-m process), we cannot exploit
the higher frequency performance of the scaled-down devices.

This work demonstrates a 0.18-m CMOS self-biased cas-
code RF power amplifier (PA) that operates at 2.4 GHz and pro-
vides 23 dBm from a 2.4-V supply voltage. Although many RF
PAs have been demonstrated in submicrometer CMOS [5]–[10],
this design is the first one in a 0.18-m CMOS technology that
can operate at 2.4 V without soft breakdown or hot carrier degra-
dation [11]. By using standard oxide thickness devices in the
process (and not thick-oxide devices), the design takes full ad-
vantage of the technology and its high. The two-stage de-
sign provides 38-dB small-signal gain and 31-dB large-signal
gain close to saturation at 2.4 GHz. This is the highest gain
reported for a two-stage design in submicrometer CMOS at
the 0.8–2.4-GHz frequency range. The high gain simplifies the
driver stage in the existing Bluetooth transceiver ICs.

The outline of this paper is as follows. In Section II, the self-
biased and bootstrapped cascode techniques are introduced and
compared with a conventional cascode configuration. In Sec-
tion III, the design of the two-stage self-biased PA for Class-1
Bluetooth application is described. The measurement results are
presented in Section IV. In Section V, the sliding bias technique
is demonstrated to improve power-added efficiency (PAE) sig-
nificantly at low and mid-power levels, and also reduce gain
and phase nonlinearities (AM-AM and AM-PM conversion). Fi-
nally, in Section VI, conclusions are given.

II. SELF-BIASED CASCODETOPOLOGY

A conventional cascode amplifier is shown in Fig. 1(a). Tran-
sistor M1 acts as a common source (CS) and transistor M2 acts
as a common gate (CG). The RF signal is applied to G1.2 Gate
G2 is RF grounded with a dc value of Vwhich can be equal to
the supply voltage V . The RF ground at G2 can be achieved
by either an off-chip or an on-chip capacitance resonating with
the bond-wire inductance. The dc voltage at D2 is equal to the
supply voltage with an RF voltage swing around this value. At
maximum output power, the voltage at D2 swings down close
to zero and up to twice V . In order to increase the efficiency,
the voltage can be shaped by the choice of the matching net-
work. In the cascode configuration, transistor M1 has a smaller
drain–gate voltage swing. This is because the voltage at D1 is
always lower than voltage at G2 by an amount equal to the
gate–source voltage of G2. Consequently, the supply voltage
is limited by the breakdown voltage of M2 rather than M1.
This can also be observed from Fig. 1(b) which shows the time
domain voltage waveforms for this amplifier. In this simula-
tion, the supply voltage is 2.4 V and the operating frequency
is 2.4 GHz.

To overcome this problem, we propose a self-biased cascode
transistor [Fig. 2(a)] that allows RF swing at G2. This enables
us to design the PA such that both transistors experience the

2The dc bias of G1 is not shown for simplicity.

(a)

(b)

Fig. 1. (a) Conventional cascode amplifier. (b) Voltage waveforms versus time.

same maximum drain–gate voltage. Consequently, we can have
a larger signal swing at D2 before encountering hot carrier
degradation. The bias for G2 is provided by Rb–Cb, for which
no extra bondpad is required. The dc voltage applied to G2 is
the same as the dc voltage applied to D2. The RF swing at D2
is attenuated by the low-pass nature of Rb–Cb [Fig. 2(b)]. The
values of Rb and Cb can be chosen for optimum performance
and for equal gate–drain signal swings on M1 and M2. As G2
follows the RF variation of D2 in both positive and negative
swings around its dc value, a nonoptimal gain performance is
obtained (compared with a cascode with RF ground at G2).3

However, as long as both M1 and M2 go from saturation into
triode under large-signal operation, the maximum output power
and PAE are not degraded. The effect of the self-biased concept
is demonstrated in Fig. 2(b). Here, the same dimensions of
the devices are used as for the case presented in Fig. 1(b). A
reduction of more than 20% in the drain–gate voltage of M2 is
obtained.

To further extend this idea, we can add a resistive-diode
boosting [see Fig. 3(a)] so that the positive swing of G2 can
be made larger than the negative swing. By choosing the
value of Rd and the size of the diode connected transistor M3,
we can specify the threshold voltage at which the Rd–M3
starts conducting and boosting the positive swing at G2. This
extra path enables G2 to follow the rise in D2 with a smaller
attenuation than the fall in D2. During this transient response,

3The gain remains larger than the gain of a conventional cascode with thick-
oxide transistor. A conventional cascode PA with standard oxide transistor could
only be used with a lower supply voltage which results in a smaller gain com-
pared with the self-biased cascode.
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Fig. 2. (a) Self-biased cascode amplifier. (b) Voltage waveforms versus time.

the average charge stored on Cb increases causing Rd–M3 to
conduct for a smaller percentage of the duty cycle. The average
voltage at G2 increases up to the point where Rd–M3 no longer
conducts. In steady state, the Rd–M3 path is off and the positive
and negative swings at G2 are equal. Fig. 3(b) shows the drain
and gate voltages of transistor M2 versus time for different
values of Rd. The voltage swing at D2 is not affected by Rd,
and the peak-to-peak swing of VG2 depends on Rb–Cb and
not Rd. However, as the value of Rd is reduced, the average
voltage of VG2 increases. In Class-E PA design, the voltage
swing can be about three times the supply voltage (with a larger
positive swing than negative around supply). In this situation,
the bootstrapped cascode configuration [Fig. 3(a)] can be used
to have the same maximum voltage swings at gate–drain of
M1 and M2. Therefore, a larger supply voltage can be applied,
resulting in a higher output power. For Class-AB/B design,
where the signal has roughly the same positive and negative
swings around the supply voltage, the self-biased cascode
provides the required swing on G2.

III. POWER AMPLIFIER DESIGN

The PA was built up around two stages, having an equiva-
lent total gain of three stages in order to simplify the output
driver in the existing Bluetooth transceiver ICs. In both stages,
we used the self-biased cascode topology. TheRCtime constant
was set to about 200 MHz to have an optimal transfer charac-
teristic of the drain voltage to the gate voltage. The two-stage
PA is shown in Fig. 4. In the driver stage, the transistors M1

(a)

(b)

Fig. 3. (a) Bootstrapped cascode amplifier. (b) Voltage waveforms versus time
(VG2 shown for three different values of Rd).

Fig. 4. Two-stage self-biased cascode PA.

and M2 are 0.6- and 0.3-mm wide, whereas in the power stage
the transistors are 2- and 1.5-mm wide, respectively. All devices
have the minimum length of 0.18m. The gates of the driver and
power stages are biased at 0.55 and 0.8 V, respectively. The input
and output matching networks are designed to be off chip to in-
crease matching flexibility and avoid excessive power loss of
on-chip inductors. Capacitors C1 and C5 are dc blocking capac-
itors for the 50- source and load. Inductors L1 to L7 are wire-
bond inductors connecting bondpads of the die to the printed
circuit board (PCB) for RF and dc connections. Traces on the
PCB (TL1 to TL7) are used as transmission lines as part of the
input, inter-stage, and output matching networks. The input is
matched to 50 by using an external parallel capacitor C2. The
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Fig. 5. Horseshoe capacitor top and side views. (Grey: node A; Black: node B
of capacitor.)

Fig. 6. Two-stage self-biased cascode PA.

inter-stage matching is done by a high-passLC section, con-
sisting of the wirebond inductor L4 and on-chip capacitor Cm.
A two-step matching network is used to transform the load to
the optimum load at the drain of the output transistor M4. It is
composed of transmission lines TL4 to TL7 (traces on PCB) and
two parallel capacitors C3 and C4 which also short circuit the
second and third harmonics to ground. The inductance of the
wirebond L7 at the output is absorbed as part of the matching
network.

Deep-submicrometer CMOS processes lack a double-poly
capacitor which has a high capacitance per unit area. So,
capacitors are designed using back-end metal in the form
of multilayer sandwich capacitors. Since the standard metal
sandwich capacitor available in digital CMOS has a low capac-
itance density, the chip area occupied by capacitors required in
RF/analog CMOS circuits can be quite large. Gate-oxide-based
MOS capacitors can provide higher capacitance densities,
however, these capacitors are nonlinear and voltage dependent.
Moreover, their oxides are susceptible to breakdown. To
reduce die area, we have used a multilayer horseshoe capacitor

Fig. 7. Two-stage self-biased cascode PA.

Fig. 8. Two-stage self-biased cascode PA.

structure for all the on-chip capacitors [12]. This structure
provides a capacitance density of 0.52 fFm which is 2.3
times the capacitance density of the conventional multilayer
metal capacitor available in the process. Top and side view dia-
grams of this capacitor structure are shown in Fig. 5 where the
gray and black colors indicate the two nodes of the capacitor.
Each horseshoe structure has lateral capacitance in the two
dimensions in the horizontal plane with its adjacent horseshoes,
and parallel plate capacitance in the vertical dimension with
its top and bottom horseshoes. The opening in each horseshoe
allows the via connections to be made for the other horseshoes,
which are above or below it and are connected to the other
node. The measured quality factor at 2.45 GHz is better than
30 with a resonance frequency beyond 20 GHz.

A comprehensive in-house RF model, which complements
MOS Model 9, is used for the transistors. All the high-frequency
parasitics are accounted for in the simulation. Fig. 6 shows
the simulated output power, gain, and PAE of the two-stage
self-biased cascode PA versus input power at 2.4 GHz and a
supply voltage of 2.4 V. The small-signal gain is 39 dB. The
maximum output power is 24.5 dBm with a gain of 31 dB
and a PAE of 49%. Fig. 7 shows the maximum drain–gate
voltages of transistors M1 to M4 versus output power.
In transistors M1 and M2 of the first stage, is less than
1.6 V through the entire output power range. of transistors
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Fig. 9. Microphotograph of the PA.

M3 and M4 in the second stage have close values and are
less than 2.6 V for all output powers. In order to show the
effectiveness of the self-biased cascode, we have simulated the
two-stage PA with a conventional bias [as shown in Fig. 1(a)].
The drain–gate voltages versus the output power are shown in
Fig. 8. In this case, transistors M2 and M4 have a constant gate
bias equal to . It is clear from Fig. 8 that transistor M4 is
the bottleneck for hot electron degradation. Its reaches
3.2 V at maximum output power, while M3 has a much smaller

of 2.2 V. If we want to observe a maximum of 2.6 V,
the output power must be less than 22.5 dBm (see Fig. 8). This
simulation shows that for the same maximum limit, the
self-biased cascode configuration provides 2-dB larger output
power compared with a conventional cascode configuration.

IV. M EASUREMENTS

The PA was fabricated in a five-metal-layer 0.18-m CMOS
process.4 The nMOS transistor in this process has a cutoff fre-
quency of 60 GHz and a threshold voltage of 0.4 V. The die
microphotograph is shown in Fig. 9. The die, which occupies
an area of 0.81 mm by 0.57 mm, was mounted chip-on-board
on FR4 PCB. We have used two bondpads to ground the source
of the first stage which results in an inductance of about 0.4
nH. Since it is more critical to have a low ground inductance at
the second stage, we have used ten bondpads for down bonds
providing an inductance of about 0.1 nH. The two stages have
separate grounds to avoid feedback from second stage to first
stage. The bondpads were especially developed for RF appli-
cations and have a quality factor of more than 300 at 2.4 GHz
[13].5

Large-signal load pull measurements at 2.4 GHz revealed the
optimum load to be similar to what has been simulated. The
measured optimum load had a gamma of 0.66 which is close to
the gamma of the simulated 12-output impedance ( ).
A reasonable performance was measured for loads with gamma
of 0.6–0.8. Considering the loss in the PCB, this translates to
impedances of about 12 to 7at the drain of the output cascode

4The circuit was fabricated in both a standard CMOS process with a low-
resistivity (10 m
 � cm) substrate and a high-resistivity (10
 � cm) variant of
that. The measurements showed negligible difference in performance between
the two, mainly because no on-chip inductors were used.

5The bondpads did not include electrostatic discharge protection; this remains
an issue for this kind of application.

Fig. 10. MeasuredP , gain, and PAE versusP .

Fig. 11. MeasuredP , gain, and PAE versus frequency for input power of
�7.6 dBm.

Fig. 12. MeasuredP , gain, and PAE versus the supply voltage for input
power of�7.6 dBm at a frequency of 2.4 GHz.

transistor. The PA with both input and output matched to 50-
loads (as shown in Fig. 4) was tested under a continuous-wave
(CW) input at 2.4 GHz and a supply voltage of 2.4 V. As seen
in Fig. 10, the small-signal gain is 38 dB, and the large-signal
gain close to saturation is greater than 31 dB. The amplifier
provides 23.5 dBm of output power with a PAE of 45%. During
this test, the bias voltages were chosen as V and

V resulting in dc currents of 29 and 217 mA for the
first and second stages, respectively.

We also measured the performance of the PA as a function of
the frequency for an input power of7.6 dBm. Fig. 11 shows
that the gain of the prototype remains almost flat over the Blue-
tooth band, which is from 2.402 GHz to 2.48 GHz. The min-
imum PAE is 38% while the is above 23.5 dBm for the en-
tire Bluetooth band, thereby fulfilling the 20-dBm output power
requirement. Fig. 12 shows the measured output power, gain,
and PAE as a function of the supply voltage for a fixed input
power of 7.6 dBm. At the supply voltage of 1.8 V, an output
power of 21 dBm with 28.6-dB gain and 39% PAE is achieved,
thereby still fulfilling the Bluetooth output power requirements.
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Fig. 13. P versus time of continuous operation for this design and the
design given in [10].

The important question is whether the PA is robust against
breakdown and hot carrier effects. The restriction on maximum
supply voltage, 1.8 V, and the transistor’s breakdown voltage,
4 V, are stringent. In a conventional PA design, the hot car-
rier degradation prohibits the use of a common-source output
stage with a supply voltage higher than 1.5 V. However, the
self-biased cascode design reduces the maximum drain–gate
voltage across each transistor. We let the PA operate contin-
uously for ten days at 2.4-V supply while providing 23-dBm
output power. The PA, as seen in Fig. 13, showed no sign of hot
carrier degradation, whereas in [6], hot carrier degradation was
seen during the first 24 h. This confirms the effectiveness of the
self-biased cascode design.6

Finally, a Bluetooth signal at 2.4 GHz (GFSK, m ,
symbol rate 1 Msymbol/s) has been applied to the input of the
PA. For this particular modulation index, the frequency offset
is 0.32 500 kHz, yielding 160 kHz. The pseudorandom bit
sequence used was 15 bits long.7 The output spectrum is shown
in Fig. 14. The measured output power at 2.4 V is 23.5 dBm
for a gain of 31.8 dB. The input adjacent channel power ratio
for lower and upper channels (ACPR low and up) at 1 MHz are

25.3 and 27.1 dBc, respectively. The output ACPR low and
ACPR up are 25 and 26.8 dBc, respectively. The Bluetooth
requirement is 20 dBc at 1 MHz and 40 dBc at 3 MHz, and
therefore easily met by the design. There is hardly any change
in the ACPR before and after amplification. Therefore, the self-
biased cascode PA faithfully amplifies the Bluetooth waveform.

V. SLIDING BIAS TECHNIQUE

This design was primarily meant for the Bluetooth/1 standard
with a GFSK modulation scheme which does not require lin-
earity. However, Bluetooth/2 is under development and requires
a linear transmit architecture due to amplitude modulation of
the RF signal. To improve the linearity of a PA, one can modify

6The device has not been tested for reliability under severe mismatch condi-
tions.

7A sequence of 23 bits results in the same performance, however, the time
variation in the spectrum is larger due to a longer sequence.

Fig. 14. Bluetooth spectrum at the output of the PA (P = 23:5 dBm,
V = 2:4 V).

Fig. 15. Measured Gain and PAE versus Pout for constant/sliding gate bias
voltages.

the design in at least three ways. The first one is to operate the
PA in class-A/AB mode over the entire power range at the cost
of a decrease in PAE. The second approach is to let the PA op-
erate over most of the power range in class-A/AB and use a bias
boosting and/or gain boosting technique at the point where the
PA goes into compression [14]. The third approach is to employ
a de-biasing technique at low and intermediate power levels to
have the same gain as at maximum power. This so-called sliding
biasing technique has a major advantage in improved PAE at
the cost of a decreased, but more constant, power gain. We have
used this third approach to linearize our PA.

Based on simulation results, a piecewise linear analog
function that could be easily realized in CMOS was chosen for
sliding the bias as a function of input power. The bias voltages
were then manually changed according to this function. The
measurement in Fig. 15 demonstrates that by varying the gate
bias voltage of both stages as a function of the input signal,
both AM-to-AM and AM-to-PM conversions are reduced. The
gain variation over the output power range is reduced from
7 dB to less than 0.6 dB. The efficiency is greatly improved; at
an output power of 16 dBm the PAE increases from 6% to 19%.
In Fig. 16, the measured phase variations as a function of input
power for both the fixed bias and the sliding bias are shown. As
can be seen, the sliding bias reduces the phase variation from
20 to 10 . Therefore, the sliding bias technique can be used
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Fig. 16. Measured phase variations versus inputs power for constant/sliding
bias.

for linearization of PAs with the added benefit of increasing
PAE significantly at low/mid-power levels.

VI. CONCLUSION

We have demonstrated the feasibility of an RF PA with
23.5-dBm output power in a 0.18-m CMOS process tech-
nology. A self-biased cascode topology was applied to reduce
hot carrier effects. An extensive hot carrier test was performed,
showing that no performance degradation occurs after ten
days of continuous operation under maximum output power
conditions. It was demonstrated that by using a sliding biasing
technique on both stages, the gain variation can be reduced
drastically and the PAE at low/mid-power levels improved sig-
nificantly. The PA presented in this paper fulfills the Bluetooth
Class-1 requirements.
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