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Design and analysis of a highly-integrated CMOS power amplifier
for RFID readers
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Abstract: To implement a fully-integrated on-chip CMOS power amplifier (PA) for RFID readers, the resonant
frequency of each matching network is derived in detail. The highlight of the design is the adoption of a bonding
wire as the output-stage inductor. Compared with the on-chip inductors in a CMOS process, the merit of the bondwire
inductor is its high quality factor, leading to a higher output power and efficiency. The disadvantage of the bondwire
inductor is that it is hard to control. A highly integrated class-E PA is implemented with 0.18-ym CMOS process. It
can provide a maximum output power of 20 dBm and a 1 dB output power of 14.5 dBm. The maximum power-added
efficiency (PAE) is 32.1%. Also, the spectral performance of the PA is analyzed for the specified RFID protocol.
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1. Introduction

As the worldwide market of radio frequency identifica-
tion (RFID) has been growing tremendously!"?!, RFID has
become an essential field of research in modern industry. Po-
tential applications of RFID are driving hardware developers
to merge RFID readers into mobile devices, such as PDAs and
cell phones. In the integrated-circuit (IC) design field, much
effort is directed to develop low-cost, high-efficiency solu-
tions for a RFID system. Meanwhile, the persistent scaling of
CMOS technology has made CMOS-based single-chip solu-
tions very competitive for such short-range wireless standards.
So, it is necessary to implement highly-integrated CMOS
RFID products, such as mobile RFID readers/>*!.

In all of the RF front-end components, the integration of
the CMOS power amplifier (PA) remains a challenge. Because
of the low breakdown voltage, low trans-conductance capac-
ity, and poor passive devices in CMOS process, it is hard to de-
sign a fully-integrated CMOS PA with high output power, ef-
ficiency, and linearity. Considering the battery lifetime of mo-
bile devices, high-efficient non-linear PAs can provide better
performances in mobile RFID readers if the linearity demand
is not so strict. Among all the non-linear power amplifiers,
class-E PAs are frequently selected for the RF domain>~7!. Re-
cent studies have demonstrated than class-E CMOS PAs can
provide a high efficiency above 40% when fully integrated'®!
and above 60% with external matching components!®’.

The inductor is a key component in the design of a
PA. Traditionally, RF IC designs have incorporated off-chip
surface-mounted inductors. While these inductors offer an ex-
tremely high quality factor (Q) and generally a good perfor-
mance, they are disadvantageous in terms of board-level com-
plexity and overall system cost. In this paper, possible inte-
grated inductors are discussed to decrease both complexity and

7 Corresponding author. Email: gtq03 @mails.tsinghua.edu.cn

Received 28 August 2008, revised manuscript received 16 December 2008

EEACC: 8120

cost. An alternative is the on-chip spiral inductor. But this has
a lower Q factor (often lower than 10) and a larger error of the
inductor value and Q (the error is often greater than 10%)!1°1,
On the other hand, a feasible alternative to off-chip inductor
are bondwires. These have a predictable value of the Q factor.
But the main shortcoming in a manufacturing environment is
the lack of tight control of the bonding process. This issue is
addressed in a later section of this paper. Also improvement
methods to the implementation of the bondwire inductor are
treated in detail.

In this paper, the resonant frequencies of each match-
ing network of the PA are derived firstly. Then emphasis is
focused on the design of a 915 MHz CMOS class-E PA for
mobile RFID reader applications. The chip is fabricated in
the 0.18 ym 1P6M CMOS process. Bondwire inductors are
used in the output stage of the PA to achieve a low-cost and
high-efficiency solution. The PA can provide a maximum out-
put power of 20 dBm. The PA presents a 1-dB output power
of 14.5 dBm while delivering a maximum power-added effi-
ciency (PAE) of 32.1%.

2. Analyses of matching networks

The matching performance of a multi-stage PA is largely
determined by the resonant frequency of the matching net-
works. In the course of designing a PA, it is necessary to re-
search the matching circuits for the purpose of optimization.
For example, three matching networks are included in a two-
stage class-E PA, as shown in Fig. 1.

In the output matching networks, there are two resonant
circuits; L, Cy and L,, C,. The resonant frequency should be
designed to wy, which is the working frequency of the PA.
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Fig. 1. Matching networks of class-E PA.
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Fig. 2. Equivalent circuit of the inter-stage matching networks.

The equivalent circuit of the inter-stage matching net-
works is shown in Fig. 2. The impedance characteristic is
shown as

1 1
Zin = jwLy + —— = jw(Lg — — =), 2
0 = Jols +2e Jw(Lsi w2c4) ()
JwLy

Zow = L4/|C5 = 1o 2Lcy
- w?L4C3
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To satisfy the conjugate matching condition, the output
impedance of the input stage should be the complex conjugate
of input impedance of the output stage. Thus, the resonant fre-
quency of the inter-stage matching network can be derived as

w = {| VIL4C5 + LiCy + La Ca)? — 4LsL C5Cs
1 “)

= (LaC3 + LiCy + L C)| [2LiLa C3Caf .

The purpose of the input matching network is to convert
the input impedance to a specified value, such as 50 Q. The
equivalent circuit of the input matching networks is shown in
Fig. 3. It can be derived that the input impedance is:
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Thus, the resonant frequency of the input matching net-
work can be derived as
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Fig. 3. Equivalent circuit of the input matching networks.

All the analyses in this section can provide the theoretic
foundation for the design of the power amplifier.

3. Models of bandwire inductor and parrallel
bondwires

Among all passive components, the inductor is a key
component in the design of a PA. Unfortunately, a stan-
dard CMOS technology, which allows the realization of high-
quality and exact-value inductors, does not exit. This is a
dilemma for circuit designers, trying to select the inductors in
PAs. The widely used inductor in CMOS process is the planar
spiral inductor. It has a comparatively accurate 3D electromag-
netic model and can be controlled exactly on the chip. But the
Q values of planar inductors associated with CMOS processes
are less than 10; sometimes as low as 3 or 4. This performance
leads to power waste and, thus, a very low efficiency of the PA,
especially at middle-to-high power output.

A feasible substitute to planar spirals in the output stage
of a PA is the bondwire inductor. The main advantages of
a bondwire inductor are its higher Q value and high self-
resonant frequency, leading to a high efficiency and a high
output power. On the other hand, the bondwires are a source
of problems, especially causing instability.

In order to predict the inductance value as accurately as
possible, the length of the bondwires must be controlled ac-
curately. A handy rule of thumb to estimate the value of the
bondwire is to use the relation 1 nH/mm!'%. To verify this re-
lation, several S -parameters of individual bondwires and par-
allel bondwires are tested. For example, the left plot of Fig. 4
shows the test result of the S ;; parameter of a2 mm long bond-
wire with a 25-um diameter from 20 MHz to 3 GHz. The esti-
mation is proven by the value of 2.06 nH at 915 MHz. Mean-
while, the effective resistance of the tested bondwire is about
0.28 Q. So, the Q of the individual bondwire is about 40 at 915
MHz.

There can be a substantial magnetic coupling between
adjacent bondwires. So, the influence of magnetic coupling
should be taken into account in the design. This coupling
can be obtained by measuring the mutual inductance between
bondwires. To obtain the mutual inductance value M of two
parallel bondwires with equal length, the test result of S; of
two very close 2 mm long bondwires is also shown in the right
plot of Fig. 4. The overall inductance value is 1.65 nH. So, the
coupling coefficient can be derived as
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S,: 283.69 mQ), 11.856 (),
2.0621 nH, 915.04 MHz
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S, 222.66 mQ, 9.523Q,
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Fig. 4. S -parameter of a bondwire and its mutual inductance.
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Fig. 5. Schematic of the class-E power amplifier.

The determined Q value and coupling efficiency are utilized in
the following design of a fully-integrated power amplifier.

4. Design of a class-E PA

Among all the switched-mode PAs, class-E is the most
attractive candidate in terms of circuit simplicity and high fre-
quency performance. Figure 5 shows the implemented two-
stage class-E PA working at 915 MHz. The two stages are class
AB and class E. Bondwire inductors are utilized for the drain
inductor L; and the output stage inductor L,. All the other
components in the design are implemented on-chip.

Because the maximum drain voltage of a class-E power
stage can be over 3.5 times the supply voltage, and the CMOS
process sets the limit for the breakdown voltage of transis-
tors, a cascode configuration along with the thick gate-oxide
transistor M2 has been adopted to mitigate the oxide break-
down problem and, accordingly, to employ a larger supply
voltage!'!l. In the design, M1 is a 0.18-um transistor and M2 is
0.34-pm transistor. With a supply voltage Vyq of 2.5 V, the
maximum gate-drain voltage does not exceed 2 V, even for a
input signal power as high as 0 dBm. Hence, the oxide break-
down does not occur. In the driver stage, resistor Ry3 and ca-
pacitor Cg; form the series feedback to increase the overall
stability.

For the output matching network, the components are se-
lected so that the conditions of soft switching for class-E op-
eration are met: (1) the voltage across the switch transistor M1
is zero when the switch is turned on; (2) the first derivative

o
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Chip &

PCB-hoard

Fig. 6. Implementation of L; and L, with bondwires.

of the voltage is zero when the switch transistor is turned on.
These conditions ensure no overlap between the current and
voltage waveforms over the whole period of time. So, there is
no power dissipation to the switch transistor, and a theoreti-
cal power efficiency of 100% can be achieved in the load. The
components values can be calculated byl

Ry = Lﬁd (8)
P Pou(n? +4)
Pow(m* + 4
) = out(ﬂ'2 )’ (9)
SdedQL
g2
L ad (10)

T WPoy( + 4)

Also in the design, an output matching network was
added after the L,/C, resonator to transform the antenna re-
sistance (50 Q) into a lower value Roy. Furthermore, the in-
ductor of the output matching network is added to L,, forming
a much larger inductor. The final value of L, can be as high
as 10.5 nH. A sketch of L, with bondwire is illustrated in
Fig. 6. It requires an exact orientation of the chip on the printed
circuit board (PCB) board.

5. Experimental results

The proposed IC was fabricated in the 0.18-um 1P6M
CMOS process. The die photograph is shown in Fig. 7. It takes
1.1 x 2.5 mm? of silicon area including the pads. The two long

065008-3



J. Semicond. 30(6)

Gao Tonggiang et al.

Fig. 7. Microphotograph of the chip.
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Fig. 8. Measured S -parameters (S 1y, S,;) of the PA.

bondwires in the figure are the implementation of L, shown in
Fig. 6. A PCB for testing the chip was also fabricated. The chip
was directly glued to the PCB using an electrically and ther-
mally conductive adhesive. Ground pads of the chip and the
signal pads were wire-bonded to the gold-plated metal lines
on the PCB.

The measured scattering parameters (S 11, S»;) of the PA
are shown in Fig. 8. The PA can provide a small-signal gain of
27.0 dB at 915 MHz. The curve of S,; reveals the non-ideal
matching of the resonator frequency of the driver and the out-
put stages, thus, leading to a not ideal output power and effi-
ciency. A possible improvement can be achieved by introduc-
ing a controllable capacitor to change the resonating frequency
of the driver stage.

With a supply voltage of 2.5 V and a gate bias voltage of
0.52 V in the output stage, and a supply voltage of 1.8 V and a
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Fig. 9. Output power (P,,) and power-added efficiency (PAE) versus
input power (Py,) of the PA.
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Fig. 10. Signal spectra of different data rates: (a) 10 kbps; (b) 40 kbps.

gate bias voltage of 0.85 V in the driver stage, the power am-
plifier consumes an overall DC current of 108 mA at an 1 dB
output. The 1-dB output-power is about 14.5 dBm, and a max-
imum PAE of 32.1% is achieved. The maximum output power
can be as high as 20.0 dBm. The measured output power and
PAE are shown in Fig. 9.

The specified RFID protocol of ISO18000-6B is selected
to verify the spectral performance of the PAI'l. The spectral
mask is from the China National Standard'?!. When the trans-
mitted data rate is 10 and 40 kbps, the corresponding signal
spectra from the PA output are shown in Fig. 10. It can be seen
that the 10 kbps data can satisfy the spectral mask while the
40 kbps data can not. In order to satisfy the faster transmitted
data rate, a corresponding filtering method should be adopted
before the transmitted data enters the PA.The latest paper re-
ported a class-E power amplifier applied in RFID readers!3!,
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Table 1. Comparison of this work and Ref. [13].

Parameter This work Ref. [13]

Protocol ISO18000-6B EPC C1G2

Process 0.18 um CMOS 0.25 ym CMOS

Frequency (MHz) 915 860-960

Gain (dB) 27 25

Supply voltage (V) 2.5 2.5

PAE 32.1% > 35% @ 860-960 MHz

1 dB-output power (dBm) 14.5 > 24 @ 860-960 MHz

Structure Two-stage class-E PA Two differential class-E PAS polar transmitter
Area (mm?) 2.75 3.52

A comparison of the PA performance in this work and the
one in Ref. [13] is shown in Table 1. It can be seen that many
parameters have the same value.

6. Conclusion

In this paper, a highly-integrated CMOS class-E PA for
RFID readers is designed with the 0.18-um CMOS process.
Bonding-wire inductors are introduced in the output stage of
the PA. Test and analyses focus on the merits and disadvan-
tages of using a bonding wire. The designed PA can provide
a maximum output power of 20 dBm. Its maximum power-
added efficiency is about 32.1%. In order to improve the
matching performance of the PA, resonant frequencies of each
matching network are also derived in detail.
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