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ABSTRACT: A gain boosting method without noise-figure degradation
by optimizing interstage matching in a cascode low-noise amplifier
(LNA) with emitter-degeneration inductor is demonstrated at 5.2 GHz
using 2-�m GaInP/GaAs HBT technology. A low-pass LC matching net-
work is inserted in the interstage of a conventional cascode LNA with
emitter-degeneration-inductor to enhance the gain with the same current
consumption. The 2-�m GaInP/GaAs HBT LNA without interstage
matching has 14-dB power gain and 2.37-dB noise figure at 5.2 GHz
while the 2-�m GaInP/GaAs HBT LNA with interstage matching has
19.5-dB power gain and 2.22-dB noise figure at 5.2 GHz. The current
consumption is 2.3 mA and voltage supply is 3.6 V. © 2006 Wiley Peri-
odicals, Inc. Microwave Opt Technol Lett 48: 1499–1501, 2006;
Published online in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/mop.21742
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INTRODUCTION

A low-noise amplifier (LNA) is the key element in a wireless
receiver. The emitter-inductively-degenerated cascode amplifier
topology has been widely used as an LNA. The emitter-degener-
ation inductor can bring the constant noise-figure circles and
constant available-gain circles closer at the expense of lower gain
while the cascode configuration can provide better isolation [1–4].
A cascode configuration can be treated as the direct series con-
nection of a common emitter amplifier and a common base am-
plifier. However, there is no attempt to optimize the power transfer
between the output of the common emitter amplifier and the input
of the common base amplifier in a cascode configuration. As
illustrated in Figure 1, the impedance looking into the input of the
cascode device equals to 1/gm while the impedance looking into
the output of the common emitter amplifier equals to a resistor of
(C�/C� � 1)/gm in parallel with a capacitor of C�C�/(C� � C�)
at frequencies interested. Apparently, the output resistance of the
common emitter amplifier is C�/C� � 1 times larger than the
input resistance of the common base amplifier. It is possible to
perform the impedance transformation in the inter-stage of a
cascode amplifier for higher transducer gain. In this paper, an LC
low-pass inter-stage matching network is inserted between the
output of the common emitter amplifier and the input of the
common base amplifier to form a matched emitter-inductively-
degenerated cascode amplifier, as illustrated in Figure 1. An L-
type matching with a series-connected inductor and a shunt capac-
itor at the collector of the common emitter stage is sufficient for
the interstage impedance matching. The series-connected inductor
also maintains the current reuse topology [5]. Therefore, an emit-
ter-inductively-degenerated cascode GaInP/GaAs HBT LNA with-
out the interstage matching network and an emitter-inductively-
degenerated cascode GaInP/GaAs HBT LNA with the interstage
matching network, as shown in Figure 1, are implemented in
adjacent areas of the same wafer for comparison purposes.

CIRCUIT DESIGN

The chip micrograph for both LNAs is shown in Figure 2. The
2-�m GaInP/GaAs HBT technology has a peak fT around 40 GHz.
The LE shown in Figure 1 is the emitter-degeneration inductor
while LB and LC are the input-matching inductor and the output-
matching inductor, respectively. For a simple common emitter
stage, the optimum impedance for noise figure matching is a
complex impedance while the optimum impedance for power gain
matching is close to a pure imaginary impedance [6–9]. It is not
possible to achieve simultaneous power gain and noise matching
for a simple common emitter stage.

An emitter-degeneration inductor can alleviate the problem.
The emitter-degeneration inductor results in a resistance, ( gmLE)/
C�, and maintains the same reactance when looking into the base,
as shown in Figure 1. At the same time, the emitter-degeneration
inductor only changes �j�LE to the optimum noise-matching
impedance and keeps the real part unchanged. In other words, the
optimum gain matching moves along a constant reactance curve
and the optimum noise impedance moves along a constant resis-
tance curve in the Smith Chart when the emitter-degeneration
inductor is introduced. The emitter inductive degeneration can
bring the constant noise-figure circles and constant available gain
circles closer at the expense of lower gain. The design approach for
this GaInP/GaAs HBT LNA is a measurement-based design. The
measurement-based design is very accurate, but requires a test run
to generate circuit element database. High-frequency noise-param-
eter and scattering-parameter measurements were performed on
different device sizes at various bias points after the test run was
made [10]. An optimum LE inductor in terms of simultaneous
noise and gain matching is chosen for a given device at a certain
biased point. LE also shows in the reactance part of the input
impedance, as shown in Figure 1, and normally is not enough to
cancel the reactance part caused by the C�. Then, the series LB is
designed to achieve the impedance matching. A cascode configu-
ration has high output impedance when looking into the output of
the cascode device. The bandwidth of a cascode amplifier is
usually limited by the output-matching bandwidth. The output-
matching bandwidth is very limited especially if a pure reactive

Figure 1 Schematic of a matched emitter-inductively-degenerated cas-
code LNA with an LC low-pass interstage matching network
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matching is used at the output stage. Here, a resistor RC is used in
the output stage to increase the output matching bandwidth and
helps to stabilize the circuit at the cost of lower gain. The amplifier
demonstrated in this paper can actually used in the range of 5.2 to
5.8 GHz for output return loss of at least 10 dB. An L-type LC
matching network is used to match the output impedance. The LC

inductor also alleviates the dc voltage drop in the resistor. The
matching emitter-inductively-degenerated cascode LNA has all the
identical design parameters as the conventional emitter-induc-
tively-degenerated cascode LNA has except the interstage match-
ing. An LC low-pass interstage matching network is inserted
between the output of the common emitter amplifier and the input
of the common base amplifier for the matched emitter-inductively-
degenerated cascode amplifier, as illustrated in Figure 1. An L-
type matching with a series-connected inductor LM and a shunt
capacitor CM at the collector of the common emitter stage is
sufficient for the interstage impedance matching. The series-con-
nected inductor also maintains the current reuse topology. The
inductors used in the HBT LNA design are 1.5 circular turns for
LE, 5.5 square turns for LB, 5.5 circular turns for LC, and 3.5
circular turns for LM, respectively. A two-finger HBT device is
used for the common emitter stage and the cascode device. The
2.4 � 3 � 2 HBT device used here has 2.4-�m emitter width,
3-�m unit emitter length, and two emitter fingers.

EXPERIMENTAL RESULTS

The measurement results for gain and noise figure of the 2-�m
GaInP/GaAs LNAs with/without interstage matching are shown in

Figure 3. The LNA with interstage matching has 19.5-dB power
gain and 2.22-dB noise figure at 5.2 GHz, while the conventional
LNA without interstage matching has 14-dB power gain and
2.37-dB noise figure at 5.2 GHz. Both circuits are biased at 3.6 V
with the current consumption of 2.3 mA. The matched LNA has
narrower gain bandwidth than the conventional LNA has and the
power gain is the same for the low-frequency range because of the
low-pass characteristics of the interstage matching network.

The input and output return losses of both LNAs are shown in
Figure 4. The input return losses of both LNAs are almost the same
for frequencies below 4 GHz and the optimum input return loss
point shifts slightly toward lower frequency for the matched LNA.
The input return losses of both LNAs deviate for frequencies
above 4 GHz due to the effect of low-pass interstage matching.
The input return loss at 5.2 GHz is 13.5 dB for LNA without
interstage matching and 19 dB for LNA with interstage matching.
The output return losses of both LNA are almost the same for
frequencies up to 10 GHz because of the high isolation property of
the cascode device. The optimum output return loss point also
shifts slightly toward lower frequency for the matched LNA. The
output return loss at 5.2 GHz is 11 dB for LNA without interstage
matching and 14 dB for LNA with interstage matching. Power
performance for two tone intermodulation at 5.2 GHz is also
illustrated in Figure 5. OIP3 is 9 dBm for the conventional LNA
and is 7 dBm for the matched LNA. The 2-�m GaInP/GaAs HBT
LNA with interstage matching has 5.5-dB gain enhancement at 5.2

Figure 2 Chip micrograph of LNAs. The emitter-inductively-degener-
ated cascode LNA without the interstage matching network is shown on the
left-hand side and the emitter-inductively-degenerated cascode LNA with
the interstage matching is shown on the right-hand side

Figure 3 Measured power gain and noise figure for emitter-inductively-
degenerated cascode LNAs with/without the interstage matching network

Figure 4 Measured input/output return loss for emitter-inductively-de-
generated cascode LNAs with/without the interstage matching network

Figure 5 Measured two tone power performances for emitter-inductive-
ly-degenerated cascode LNAs with/without the interstage matching net-
work

1500 MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 48, No. 8, August 2006 DOI 10.1002/mop



GHz and almost no changes in the rest of properties such as noise
figure, current consumption, input return loss, and output return
loss when compared with the 2-�m GaInP/GaAs HBT LNA with-
out interstage matching. The bandwidth of a cascode amplifier is
usually limited by the output matching bandwidth. A resistor RC is
used in the output stage to increase the output matching bandwidth
and helps to stabilize the circuit. The amplifier demonstrated in this
paper can be actually used in the range of 5.2 to 5.8 GHz for output
return loss of at least 10 dB. The 2-�m GaInP/GaAs HBT LNA
without interstage matching has 13.5-dB power gain and 2.4-dB
noise figure at 5.8 GHz while the 2-�m GaInP/GaAs HBT LNA
with interstage matching has 18.5-dB power gain and 2.43-dB
noise figure at 5.8 GHz. The input return loss at 5.8 GHz is 18 dB
for LNA without interstage matching and 10.5 dB for LNA with
interstage matching. The output return loss at 5.8 GHz is 13.5 dB
for LNA without interstage matching and 11 dB for LNA with
interstage matching. There is still 5 dB power gain enhancement at
5.8 GHz with almost no changes in the rest of properties.

DISCUSSION AND CONCLUSION

A means to enhance power gain by inserting an interstage match-
ing in a cascode LNA has been demonstrated. The matched LNA
maintains the current reuse topology and has 5.5-dB power gain
enhancement at 5.2 GHz without degradation in any other prop-
erty. The method demonstrated here can be directly applied to any
other technology. The 2-�m GaInP/GaAs HBT LNA without
interstage matching has 14-dB power gain and 2.37-dB noise
figure at 5.2 GHz, while the 2-�m GaInP/GaAs HBT LNA with
interstage matching has 19.5-dB power gain and 2.22-dB noise
figure at 5.2 GHz. The current consumption is 2.3 mA and voltage
supply is 3.6 V.

ACKNOWLEDGMENT

This work was supported by the National Science Council of
Republic of China under contract nos. NSC 94-2752-E-009-001-
PAE and NSC 94-2219-E-009-014, and by the Ministry of Eco-
nomic Affairs under contract no. 94-EC-17-A-05-S1-020. The
authors would also like to thank National Chip Implementation
Center (CIC) for technical support.

REFERENCES

1. R.E. Lehmann and D.D. Heston, X-band monolithic series feedback
LNA, IEEE Trans Microwave Theory Tech MTT-33 (1985), 1560–
1566.

2. H.W. Chiu, S.S. Lu, and Y.S. Lin, A 2.17-dB NF, 5-GHz band
monolithic CMOS LNA with 10-mW DC power consumption, IEEE
Trans Microwave Theory Tech 53 (2005), 813–824.

3. A. Tessmann, A. Leuther, C. Schwoerer, H. Massler, S. Kudszus, W.
Reinert, and M. Schlechtweg, A coplanar 94-GHz low-noise amplifier
MMIC using 0.07-�m metamorphic cascode HEMTs, IEEE MTT-S
(2003), 1581–1584.

4. Y.-T. Lin and S.S. Lu, A 2.4/3.5/4.9/5.2/5.7-GHz concurrent multi-
band low-noise amplifier using InGaP/GaAs HBT technology, IEEE
Microwave Wireless Compon Lett 14 (2004), 463–465.

5. C.Y. Cha and S.G. Lee, A 5.2-GHz LNA in 0.35-�m CMOS utilizing
interstage series resonance and optimizing the substrate resistance,
IEEE J Solid-State Circ 38 (2003), 669–672.

6. B.K. Ko and K. Lee, A new simultaneous noise and input power
matching technique for monolithic LNA’s using cascode feedback,
IEEE Trans Microwave Theory Tech 45 (1997), 1627–1630.

7. B.B. Ko and K. Lee, A comparative study on the various monolithic
low noise amplifier circuit topologies for RF and microwave applica-
tions, IEEE J Solid-State Circ 31 (1996), 1220–1225.

8. T.K. Nguyen, C.H. Kim, G.J. Ihm, M.S. Yang, and S.G. Lee, CMOS

low-noise amplifier design optimization techniques, IEEE Trans Mi-
crowave Theory Tech 52 (2004).

9. S.P. Voinigescu et al., A scalable high-frequency noise model for
bipolar transistors with application to optimal transistor sizing for
low-noise amplifier design, IEEE J Solid-State Circ 32 (1997), 1430–
1439.

10. Q. Liang, G. Niu, J.D. Cressler, S. Taylor, and D.L. Harame, Geometry
and bias current optimization for SiGe HBT cascode low-noise am-
plifiers, IEEE Radio Freq Integrated Circ Symp Dig (2002), 407–410.

© 2006 Wiley Periodicals, Inc.

INTERNAL FOLDED LOOP ANTENNA
WITH TUNING NOTCHES FOR GSM/
GPS/DCS/PCS MOBILE HANDSET
APPLICATIONS

Byungwoon Jung,1 Hanphil Rhyu,1 Young-Joong Lee,1

Frances J. Harackiewicz,2 Myun-Joo Park,1 and Byungje Lee1

1 RFIC Research and Education Center
Kwangwoon University
447-1, Wolgye-Dong, Nowon-Gu
Seoul, 139-701, Korea
2 Department of Electrical and Computer Engineering
Southern Illinois University
Carbondale, IL 62901-6603

Received 15 February 2006

ABSTRACT: A novel compact quad-band internal antenna for mobile
handsets operating the GSM (880–960 MHz), GPS (1575 � 10 MHz),
DCS (1710–1880 MHz), and PCS (1850–1990 MHz) bands is proposed
and implemented. The proposed antenna consists of a feeding strip,
shorting strip, and folded loop radiating element with embedded tuning
notches. Embedding the notches changes the current flow on the surface
of the loop radiator so that the resonant frequencies can be controlled
independently by their size and position. The measured impedance band-
width (VSWR � 2) of the proposed antenna is 11.3% at GSM band and
27.4% at higher bands including GPS/DCS/PCS. The measured peak
gains are 0.51, 2.06, 0.52, and 1.34 dBi, at the GSM, GPS, DCS, and
PCS bands, respectively. © 2006 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 48: 1501–1504, 2006; Published online in Wiley Inter-
Science (www.interscience.wiley.com). DOI 10.1002/mop.21743

Key words: quad-band; internal antenna; folded loop; tuning notches

1. INTRODUCTION

In conjunction with the rapid growth of mobile communications,
there is a great demand in developing an internal antenna that is
capable of achieving multiband performance. Compared with con-
ventional antennas, it is somewhat complicated for an internal
antenna to control the typical parameters such as bandwidth,
efficiency, and radiation pattern within the limited antenna vol-
ume. Designing an internal antenna for a mobile handset is even
more critical, especially when a multiband system is required. To
find a solution, the planar inverted-F antenna (PIFA) has been
chosen as the main candidate. Many new studies on a multiband
internal antenna based on PIFA concepts have been presented
[1–3]. The most typical method is to obtain multiple resonances
from a quarter wavelength PIFA by inserting various types of slits
or slots [4, 5]. Though this technique is very convenient and
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