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Design of 5 GHz-Band Power Amplifier with On-Chip Matching
Circuits Using CPW Impedance (K) Inverters

Ramesh Kumar POKHAREL†a), Haruichi KANAYA†, and Keiji YOSHIDA†, Members

SUMMARY This Letter employs transmission-line theory for the
impedance-matching circuits for a single-chip power amplifier (PA) and
verifies for 5 GHz-band wireless LAN (IEEE 802.11a) applications. The
presented matching circuits are composed of conductor-backed coplanar
waveguide (CPW) meander-line resonators and impedance (K) inverters.
One of the advantages of the presented circuits is that it can save on-chip
space occupied by the matching circuits compared to that using the spiral
inductors, thus reducing the cost. The prototype chip, which consists of
PA and matching circuits, is designed employing the presented theory and
fabricated. A few of the measured results to verify the design theory are
presented.
key words: on-chip CPW impedance-matching circuit, 5GHz-band wire-
less LAN, λ/4 resonator, power amplifier

1. Introduction

In the RF section of LSI chip, impedance-matching circuits
are necessary for interconnecting each part such as low-
noise amplifier (LNA), power amplifier (PA), duplexer, mix-
ers, antenna and so on, and lumped elements are usually
used for the design of matching circuits. Impedance match-
ing is usually realized by either off-chip bonding wires or
on-chip spiral inductors [1]. Realization of matching cir-
cuits using the off-chip bonding wires usually demands a
trial and error process. On the other hand, conventional
matching circuits realized by spiral inductors occupies large
on-chip space and it also encounters self-resonance in mi-
crowave frequency band which permits its use beyond that
frequency. Furthermore, they also suffer from the low qual-
ity factor (Q).

Distributed elements made of transmission lines to re-
place spiral inductors are particularly effective when their
size becomes smaller, as the frequency in use increases.
Among the transmission lines, coplanar waveguide (CPW)
is easy to fabricate by the LSI technology compared to its
counter part such as microstrip or strip lines because the sig-
nal line and ground plane exist on the same plane [2] so that
no via holes are required for integrating active components
such as CMOS or BJT on Si-substrate [3].

The applications of the distributed elements made of
transmission lines were reported in the CMOS or BiCMOS
RF-LSI chip [4]–[9]. The CPW was exploited as an induc-
tor and used to design a conventional-type matching circuit
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for an LNA [4] in microwave-band frequency, and they were
also used as an inductor in monolithic microwave integrated
circuit (MMIC) for millimeter-wave devices [5]. However,
the application of CPW as an inductor takes larger space
than a conventional spiral inductor. Some of the present au-
thors have also implemented the CPW impedance-matching
circuits for LNA at 2.4 GHz applications [6]–[9]. In Ref. [6],
the performance of off-chip high Tc superconducting CPW
to design matching circuit was studied and that employ-
ing copper on Si substrate has been studied theoretically
[7] and verified experimentally by BiCMOS technology for
2.4 GHz-band applications [8], [9]. As the performance of
copper CPW on Si-substrate is highly frequency-dependent,
the theory for matching circuits needs to be verified at higher
frequencies for universal frequency applications.

In this Letter, the design theory of on-chip impedance-
matching circuit using microwave BPF design rules [6]–[9]
is employed to design a 5 GHz-band PA for wireless LAN
applications (IEEE 802.11a). The designed chip is fab-
ricated and verified using TSMC 0.35μm one-poly three-
metal SiGe BiCMOS technology. The selection of this tech-
nology is solely based on the economical and academic in-
terest, and in addition, the model provided for transistors
have satisfactory accuracy for RF modeling.

2. Design Theory for On-Chip Impedance-Matching
Circuit Using CPW

The design employed here is basically the same as presented
in Refs. [7]–[9], therefore only summarized here briefly.
The matching circuits consist of impedance (K)-inverters
and a distributed resonator to realize on-chip impedance
matching circuits, and based on the theory of the n-pole
Chebyshev bandpass filter (BPF) [10].

Figure 1 shows the schematics of the matching circuit
and input impedances at the point of P, R and S . YL (=
GL + jBL) is the input admittance of PA and Δ� is the line
length in order to compensate the jBL to be zero. Z1 and K0,1

are the characteristic impedance of the quarter wavelength
line and K-inverter, respectively. The design parameters are
given by [10],

Δ� = − BL

ω0Ci
,

Z1 =
π

4
w

g1g2GL
,
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Fig. 1 Schematic of matching circuits employing using λ/4 line and K-
inverter and its representation in Smith chart.

K0,1 =
√
w

√
Z0x1
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,
(
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π

4
Z1

)
, (1)

where, Ci is the capacitance per unit length (F/m) of the
transmission line, and w and gi are the normalized band-
width and normalized filter element, respectively [10]. The
detail of the derivation of the formulae for g-elements and
their numerical values can be found in Ref. [10]. The re-
actance slope parameter (x1) is for the series resonance cir-
cuit. The design parameters of the CPW matching circuit
are f0 = 5.2 GHz and w = 2% (100 MHz), which is used as
an IEEE 802.11a application.

The Smith chart interpretation for matching theory is
illustrated in Fig. 1 (lower portion) where Z∗L is the con-
jugate of input impedance of the amplifier (ZL = 1/YL =

1/(GL + jBL)) and its position is represented by Point P
in Smith chart. The insertion of the λ/4-transmission line
converts the high impedance to very low, and its position
is represented by Point R in the Smith chart (see middle of
Fig. 1). By using negative capacitance (−C), now its posi-
tion will be shifted to new position so that jBL becomes 0.
Please note that the compensation circuit to achieve −C is
realized by adjusting the length (Δ�) of the transmission line
shorter from λ/4 so that net length of the transmission line
becomes (λ/4 − Δ�). After jBL becomes 0, 50Ω-matching
can be obtained by employing the K-inverter (See Point S of
Fig. 1).

3. Design of PA with CPW On-Chip Matching Circuits

We use TSMC 0.35 μm BiCMOS process which has 1-poly
and 3-metal structure and the thickness of the top metal is
3.1 μm. The conductance of the metal and εr of the SiO2

are 4.1 × 107 S/m and 4.1, respectively. The upper layer
is covered by Silicon Nitride whose relative permittivity is
7.9. For size reduction of the matching circuits, the λ/4 line
(line length = 5.8 mm) is bent into meander structure where
the width of the signal line and the gap between signal line
and ground plane are 5 μm each. The loss due to the me-
ander structure was experimentally evaluated to be 2.5 dB
at 5 GHz band frequency [9]. The details of these parame-

Fig. 2 Circuit model of designed power amplifier (PA).

Fig. 3 Input power dependence of the output power of PA.

ters and their modeling method in electromagnetic simula-
tion are explained in Ref. [9].

Figure 2 shows the schematics of the 5.2 GHz-band
amplifiers with input and output matching circuit designed
by the presented theory. The designed input and output re-
turn losses are less than −30 dB at 5.2 GHz, respectively.
The current consumption of PA is 59.1 mA. The max gain
of PA is 12.1 dB at 5.2 GHz. The noise figures of PA is
5 dB, and these designed parameters satisfy the requirement
of wireless LAN (IEEE 802.11a) standard. Figure 3 shows
the input power dependence of the output power. The 1-dB
compression point is Pin = 3.3 dBm. The operating voltage
(Vdd) of this process is supposed to be 3.3 V.

4. Fabricated Chip and Measured Results

The designed PA with input and output impedance match-
ing circuits is fabricated, and its chip photo is shown in
Fig. 4. The input and output pads have coplanar configura-
tions of 100 μm square size whose characteristic impedances
are 50Ω. Spiral inductors are used to supply DC power (bias
current) into the transistors. The size of the PA chip includ-
ing the proposed matching circuit, coplanar probes, and spi-
ral inductors that used to feed bias and DC supply to the
transistors is 2.38 mm × 1.05 mm.

The microwave characteristics are measured by using
air coplanar probe (Cascade Microtech, GSG150) and vec-
tor network analyzer (HP, HP8722C). During fabrication of
CPW, we covered the lowest metal in all area of the CPW
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Fig. 4 Microphotograph of PA with the proposed impedance-matching
circuits fabricated in TSMC 0.35 μm SiGe BiCMOS 1-poly 3-metal pro-
cess. (Chip size: 2.38 mm × 1.05 mm).

Fig. 5 Measured gain (S21) including input return losses (S11) and output
return losses (S22) of the designed PA.

structure, namely conductor backed CPW in order to avoid
the loss in the Si-substrate. Figure 5 shows the measured
S-parameters of the PA including gain (S21), input and out-
put return losses (S11 and S22), respectively. The measured
gain is obtained about 10 dB at frequency of 2.2 GHz al-
though its designed value is 12.1 dB at 5.2 GHz. The dis-
crepancy in the measured and designed frequency is caused
by the parasitic inductance of the bonding wires that con-
nects the grounding pad which was not considered during
the design. Taking account of this inductance in simula-
tion, Fig. 6 shows the comparison of the simulated results of
S-parameters. In Fig. 6(a), comparison of input return loss
and output return loss are shown and comparison of gain
is shown in Fig. 6(b), where the simulated results including
gain are very close to the measured results. This ensures that
the presented method can be employed in order to design the
on-chip impedance-matching circuit using λ/4 CPW and K-
inverters at 5 GHz band wireless applications.

The size of the matching circuit occupied in Fig. 4 is
530 μm × 275 μm. For size comparison, the matching cir-
cuits of the same PA were also designed using spiral induc-
tors where the size was 540 μm × 718 μm. Thus, the match-
ing circuit designed by the presented theory saves about
40% in chip size. This ratio was about 30% at 2.4 GHz band
[9]. Thus it is inferred that, if the operating frequency in-
creases, this ratio becomes more effective.

(a) Comparison of input return loss (S11) and output return loss (S22).

(b) Comparison of gain.

Fig. 6 Comparison of S-parameters taking account of inductance of
bonding wires from the ground pads.

5. Conclusions

We designed the single chip SiGe BiCMOS Power amplifier
with matching circuits for wireless LAN (IEEE802.11a) ap-
plications, which are composed of quarter-wavelength res-
onators and K-inverters using CPW. The CPW are realized
by meander structures so that they can be fabricated inside
a chip and their shape can be adjusted in order to exploit the
vacant space on the Si-substrate effectively. A comparison
shows that the matching circuit designed by the proposed
method saves about 40% of the chip space of that when us-
ing the spiral inductors. This ratio was about 30% when
designed for 2.4 GHz applications [9].
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