Design and Fabrication of a Broadband RF Module for
2.4GHz Band Applications
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In this paper, a broadband RF module is designed and tested for 2.4GHz band applications.
The RF module is composed of a low noise amplifier (LNA) with a three stage amplifier, a
single ended gate mixer, matching circuits, a hairpin line band pass filter and a Chebyshev
low pass filter to convert the radio frequency (RF) into the intermediate frequency (IF). The
LNA has a high gain and stability, and the single ended gate mixer has a high conversion gain
and wide dynamic range. In the analysis of the broadband RF module, the comp051te harmomc
balance technique is used to analyze the operating characteristics of an RF module arcmt The
RF module has a 55.2dB conversion gain with a 1.54dB low noise figure, -120~-60dBm wide
RF power dynamic range, -60dBm low harmonic spectrum and a good isolation factor among
the RF, IF, and local oscillator (LO) ports.
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I. INTRODUCTION

A broadband RF module for the 2.4GHz band
communication plays a role as a linker of the
wireless communication loops such as a wireless
broadband internet service(WiBro) and an industrial
scientific and medicalISM) band including a
wireless local area network(WLAN), Bluetooth and
radio frequency identification(RFID) system.

The performance and the sensitivity of a receiver
in the 2.4GHz applications are largely dependent on
an RF module at the front end of the wireless
communication system. The RF module converts
the input radio frequency(RF) into the intermediate
frequency(IF) to extract the original signal from the
modulated RF signal. In general, an RF module
consists of a preamplifier, a mixer circuits, a local
oscillator(LO) and an IF amplifierfl]. The RF
module developed by Kazuo consists of a low noise
HEMT preamplifier, a novel structure mixer, a
GaAé FET oscillator and an IF amplifier. He also
a dielectric stabilize his
converter’s performance[2]. Reference[3] shows the
design of a low power GaAs HFET RF module with
a monolithic LNA and a mixer for the wireless

uses resonator to

portable application.

A good RF module should have a low noise
figure, high conversion gain, wide dynamic range
and good isolation among the RF, IF, and LO ports.
The RF rhodule in this paper is composed of a low
noise amplifier(LNA) and a single ended gate
mixer circuit, which includes the hairpin - line band
pass filter(BPF) and Chebyshev
filter(LPF).

With the current trend to miniaturized wireless

low pass

devices, LNAs are often fabricated as monolithic
integrated circuits, usually referred to as MMIC
(monolithic microwave integrated circuit). High

volume applications such as cell phones call for

even higher integ_ration in the RF front end. Thus
the LNA is integrated together with the mixer, local
oscillator, and sometimes even parts of the
transmitter or the antennal4]. But depending on the
IC technology, monolithic integration places several
additional constraints on the LNA design. The
available range of component values may be limited,
in particular the maximum inductance and
capacitance values are often smaller than required.
For applications with low volume where monolithic
integration is not cost effective, LNAs can be built
as hybnd called MIC

{(microwave integrated circuit)[5].

circuits, sometimes

The optimum characteristics of a LNA should
include a minimum noise level and maximum power
gain. The LNA design can be achieved by using a
combination of the following methods: matching
network, balanced amplifiers and feedback circuits
[6-10]. _

In this paper, the broadband and high power gain
LNA with three stage amplifier using the source
series feedback circuit is designed for the RF
module in 2.4GHz band applications. In the design of
the three stage amplifier in the LNA, the 1™ and
2™ stage of amplifier use the MESFET transistors
having a low noise figure, and the 3 stage
amplifier uses a high power output MMIC device.
Even though the MMIC transistor has a slightly
high noise figure, it is used as the 3 stage
amplifier since the total noise figure of the LNA is
basically determined by the noise figure of the 1%
and 2™ stage of the LNA. In order to improve the
noise figure and voltage standing wave
ratio(VSWR) of the LNA, we carefully select the
points of reflection coefficient to achieve an
optimum noise figure, a low VSWR, and a high
power gain of the amplifier, simultaneously.

The MESFET mixer utilizes the non linearity in
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trans conductance, capacitance in gate source and
conductance in drain source of the MESFET to
generate an IF output spectrum, consisting of the
sum and difference signal of RF and LO signals. In
the non linearity analysis of the GaAs MESFET
mixer, Serenade simulator[11] with the harmonic
balance technique[l2] is used to analyze the
operating characteristics of the mixer circuits. To
obtain a high conversion gain, wide dynamic range
and good isolation factor among the RF, IF and LO
ports, this mixer is composed of a hairpin line
BPF, a GaAs MESFET, a Chebyshev LPF, and two
input, output matching circuits. A general mixer has
an [F amplifier at the IF output port, but this mixer
does not need an IF amplifier since it has a high
conversion gain itself.

This paper presents a composite technique for
designing the broadband RF module. In addition, the
designing procedures of the broadband LNA and the
single ended gate mixer with an excellent
performance are briefly described. With these
techniques, the RF module is designed and tested
for the 24GHz frequency range from 2.2GHz to
2.6GHz. The remainder of this paper is organized as
follows. In section I, the design theory of the
broadband RF module is explained. In section III,
the experimental results are presented and compare
with theoretical results. And the conclusion is given

in section IV.

ii. DESIGN OF THE BROADBAND
RF MODULE

The RF module has an LNA, a hairpin line BPF,
a mixer circuit, a Chebyshev LPF and RF, LO and
IF ports. Generally, the first consideration of the

process in the designing of an RF module with a
given specification is the choice of an appropriate
MESFET. The selection should be based on the
suppression of the third order inter modulation
distortion(IMD)[13]. The high conversion gain and
the stability of the output signal are based on the
function of the LO signal. However, it's very
difficult to achieve the high conversion gain and the
maximum isolation among the RF, LO and IF ports,
simultaneously.

In an RF module, the RF signal has a carrier
frequency of fc, and the LO signal has a pure
sinusoidal frequency of fo. The RF and LO signals
are supplied to the LNA and the gate of the mixer.
The amplified RF signal by the LNA and LO signal
are mixed together to produce the IF signal at the
drain of the mixer. The mixer produces a sum of
the frequency component (fc+fo), and the difference
frequency component (fc-fo), with the product of
the LO and RF sinusoidal signals. The difference
frequencies can be selected by the IF LPF at the
end of the RF module, and becomes an IF signal.
This method usingA an LPF has much better
sensitivity and noise characteristics than the direct
detection scheme[14].

However, the RF module has the conversion loss
and produces a great number of spurious harmonic
frequency components because of a non linearity
in the characteristic of a mixer. Spurious harmonics
can be filtered out by a BPF, and the design
procedure of the BPF is described in [15]. The
conversion 10ss \of the mixer is strongly affected by
the power level of the LO signal. The minimum
conversion loss usually occurs at the low LO power
level between 0dBm and 10dBm. The low LO signal
power has been used to reduce the conversion loss

and the low noise figure,
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1. Broadband low noise amplifier design

A MESFET selection for the désigning of a multi
stage LNA should be based on the requirementvof
the characteristics in each stage of the LNA; a low
noise figure, high power gain and stability of output
power. It is very important to have a very low noise
figure for an amplifier in the 1st stage in a
multistage LNA using GaAs MESFET device, since
the noise figure of the 1st stage amplifier plays an
important role in the total noise figure of the overall
LNA. Therefore, a premium low noise transistor is
used in the 1% and 2™ stage amplifier. The 1% and
2" stage of the amplifier are GaAs MESFETSs
(EPA060B-70) which have a low noise figure
(05dB) and a high gain up to 2GHz. In the 3™ stage,
even though the MMIC transistor has a slightly
higher noise figure, a high power output in a wide
frequency band MMIC(AH]1) is used.

A transistor typically has a larger noise figure as
the frequency increases. In order to have a low
noise figure and a low VSWR, an important step
during amplifier design is drawing a stability circle
for the transistor, and selecting the proper point for
the desired reflection coefficient. The source series
feedback circuit using a lossless micro  strip line is
applied to select the point with a low reflection
coefficient in the stability circle. The source series

feedback circuits are used to improve the flatness of
gain and the stability condition in a broadband
design.

[Fig. 1] shows the LNA circuit design with the 3
stage amplifier. It consists of input and output
matching circuits, the 1%, 2™ and -39 stage
transistors, two source series feedback circuits, and
two inter stage matching circuits between the
transistors. The input/output matching circuits are
used to match the LNA to the input and output
ports, and the source series feedback circuits are
used to make the transistor stable. In addition, the
inter stage matching circuits have been used to
achieve a flat gain over the broad frequency band.
Since the stability circles of a GaAs MESFET
(EPA0GOB-70) are potentially unstable before the
source series feedback, it was hard to select the
design point among the power gain circle, the noise
figure circle, and the operating power gain circle.
After the feedback, the centers of the noise figure
circles and power gain circles are concentrated in
the specific area and located in the unconditionally
stable region. The;efore, it allowed us to locate the
amplifier design point at the concentrated area of
circles, and to find the reflection coefficient of the
transistor to be matched to that of the input and
output ports using the matching circuit. The source
series feedback circuit is constructed between the
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Fig. 1. Circuit diagram of LNA with three-stage amplifier
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source port of the transistor(EPAO60B-70) and the
conducting ground, as shown in [Fig. 1]. The
optimum length of the source series feedback of the
micro strip line is 00125 wavelength(A) at the
center frequency of 2.4GHz.

The available and operating power gains of a
transistor are defined and their relationships among
The available

power gain is a function of the source reflection

these parameters are explained[4].

coefficient (I'y) at the input port and of the

scattering parameters of a transistor. The operating
power gain is a function of the load reflection
coefficient(I;) at the output port and of the

scattering parameters of a transistor.

The input reflection coefficient({ ) will be
decided by Iy, and the output reflection coefficient
(I'yyp) will be decided by I's. The value of Iy and
I'; should not be too close in their respective

stability circles, because oscillation might occur due

to the component variation. Since the value of [y

affects the output power and the voltage standing
wave ratio(VSWR), the value of Iy should be

selected close to the center of the Smith Chart to
have a small input VSWR. In addition, to reduce the
noise level of the 1% stage amplifier, reflection
coefficients are selected from the 0.5dB noise circle
and the 165dB gain circle as Iy =0.16 £61.5°

and I'oyp, = 05724 —23.89° . Therefore, the

design specification of the available power gain and
the noise figure level of the EPAQO60B~-70 with the
source series feedback are 165dB and 0.5dB,
respectively.

The broadband amplifier design contains the
double T-type matching circuit to achieve a

constant gain over the operating frequency range of

the amplifier. In this paper, there are double T-type .

matching circuits in the inter stage matching

between the 1% and 2™ stage and between the 2™
and 3¢ stage of the amplifier. At the 2™ stage
amplifier, Iy o = 0.374 —62.16 ° and

Toyr2 = 0574 —17.91° are used.

Table 1. Design parameters of the three
stage LNA

) 39pF 7 39pF 3.9nH
Cz 0.5pF Cs 1.5pF Ls 2.2nH
Cs 39pF Co 2.5pF Ls 3.3nH
Ca 39pF Ly 3.3nH I 2mm
Cs 0.5pF Lo 3.9nH A 2mm
Cs 39pF Ls 3.3nH

Because the noise figure of the LNA is mainly
decided by the noise figures of the 1% and 2™ stage
of the amplifier, the input and output reflection
coefficients of the 3 stage are selected on the high
power gain circles and on the slightly higher noise
circle of the 39 stage amplifier of the LNA.
Therefore, the
coefficients of the output stage (3 stage) are
selected as I'jy;=05224 —17568°  and

input and output reflection

gain and 2.5dB noise figure level. According to the
relationship of the load reflection coefficient,
I'y=T%yrs , the load matching circuit of the 3°
stage is designed to have a maximum transducer

power gain. The parameters of the LNA circuit in
[Fig. 1] are shown in [Table 1].

2. The single-ended gate mixer module design

In a mixer, it's very difficult to achieve a high
conversion gain and maximum isolation among the
RF, LO and IF ports simultaneously. To design the
mixer, a MESFET has been carefully selected, and
matching circuits and the filters have been added.
The circuit diagram of the single ended gate mixer
module is shown in [Fig. 2.
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Fig. 2. Circuit diagram of the single-ended
gate mixer module

The mixer has RF, LO and IF ports, matching
circuits located between the RF and LO input ports
and between the output port of the transistor and
the inpﬁti port of the IF 'filter. It also has a BPF, an
LPF and a bias circuit at the gate and drain of the
transistor. In addition, bypass capacitors and choke
inductors are used.

The gate mixer uses the low voltage current
characteristics in the pinch off region for making
frequency conversions due to the non linearity of
the Schottky - barrier between the gate and the
source of the fransistor. The operating bias
conditions of the MESFET(ATF10136) in the pinch
off region are Voo =1V, Ip—128mA, and

Vop=3V. The RF signal frequency is 2.4GHz. -

The LO frequency is 2.26GHz, and the IF frequency
is 140MHz.

Two impedance matching circuits have been used
at the gate and drain of the transistor. Stub
impedance matching circuits at the input and output
ports help the MESFET develop a very good signal
sensitivity and a low noise figure in the RF, LO and
IF ports. In addition, the matching circuit has been
designed to create good isolation among the RF, LO
and IF ports. The input 50{2 stub matching circuit
is optimized at 2dBm LO power to minimize the
distortion and the conversion loss, and to transfer
the RF signal to the input port of the transistor
effectively. The input reflection coefficients of the

MESFET(ATF10136) is, Iy =048 £ —125.14°

and the output reflection
FOUT= 066L ‘—193Q . The

matching stub circuit matches to 5002 of the RF

coefficient  is

input impedance

input port, and the output matching stub circuit
matches to 50(2 of the LPF input port. The
conversion gain of the mixer will be the maximum
value when the source impedance is matched to the

impedance of I'fy, and the load impedance is

matched to I5yr. The parameters of the stub

matching circuits of the bypass capacitors and the
chokes are shown in [Table 2]. The mixer circuit
has been simulated and optimized with the modified
large signal model using a harmonic balance
simulator. The hairpin line BPF is used at the RF
input port which blocks the LO leakage into the RF
portf11]. The hairpin line BPF is a compact sized
filter and improves the quality factor of the filter by
adjusting the number of coupling lines. It is
composed of three pole resonators with quarter

wavelength 5042 micro strip lines. A 7th order
Chebyshev LPF at the IF output port plays a role as
the IF . filter of a RF module to remove the
unnecessary  high

frequency and harmonic

frequency components.

Table 2. Circuit parameter values of the mixer

| Eoment Iﬂ@i@n\/alue Eement Mmﬁﬁw
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lll. EXPERIMENTAL RESULTS

A broadband RF module
fabricated based on the design specification. The

is simulated and

characteristics of Teflon substrate are tangent
loss=0.0024, thickness=31mil,

dielectric constant = 2.3.

and the relative
[Fig. 3l
photograph of the fabricated RF module on the
Teflon substrate; it has an LNA, a mixer, a BPF
and an LPF. A vector network analyzer and a

shows a

spectrum analyzer are used for testing the RF
module. :

{Fig. 4] shows the measured and the simulated
scattering parameters of the.LNA in the RF module.

From the measured result, the LNA has a gain
(412 05dB) over the broadband of between 2.2GHz
and 26GHz. It is more than 3dB higher than the
gain of other LNA with three stage amplifier, and
good enough for the desired bandwidth at the
2.4GHz band applications.

LO INPUT

Y

N
IF

QuUTPUT

4
RF INPUT

Fig. 3. Photograph of the fabricated RF
‘module
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Fig. 4. Simulated and measured scattering
parameters of LNA

The measured and the simulated gains are well
agreed. The S11 parameters of the LNA should be
-14dB to achieve the lower than 15
VSWR. In Fig. 4, the frequency band having lower
than -14dB of S}, is.from 22GHz to 2.6GHz,

lower than

which is wider than the specification of a general
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Fig. 5. Conversion gain of the fabricated
mixer

[Fig. ‘5] shows the conversion gain of the
fabricated mixer when the LO signal changes from
0dBm to &IBm. The x axis‘indicates the LO power
in [Fig. 5). The peak measured and the simulated

conversion gain at 45dBm of the LO power are
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19.15dB and 18dB, respectively.

Since a larger O power generates a higher noise
power, the specified LO power is 2dBm to minimize
the distortion and the conversion loss. Therefore,
the simulated and measured conversion gains with
2dBm of the LO power are matched at 13.7dB.

[Fig. 6] shows the comparison of the simulated
and the measured results of the RF input power
versus the IF output power of the RF module. In
[Fig. 6], the measured and simulated powers of the
RF and IF are in good agreement and have a linear
relationship up to the 1dB gain compression point of
the IF power. [Fig. 6] shows a wide dynamic range
of IF power from -63.5dBm to -5.5dBm when the
powér of the RF input is from -120dBm to -
60dBm. The linear RF power range of -120dBm~
-60dBm is wider than that of the general RF power
range (~110~-70dBm) at the receiving antenna of
the 2.4GHz band.

-~ - - simulated
—s— measured

S | : L 1 '
-120 -110 -100 -80 -80 -7 60

RF input power {dBm]

IF output power [dBm]
2 8 5 8 8

Fig. 6. Comparison of the RF input power vs,
the IF output power

{Fig. 7] shows the measured IF output power
spectrum of the fabricated RF module by a
spectrum analyzer. The RF module produces an IF
output power of -145dBm when the RF and LO
powers are applied ~70dBm and 2dBm, respectively.
Thus, 55.2dB. This

conversion gain is in good agreement with the sum

the conversion gain is

of the measured results of the gain of the LNA
(415dB) and the mixer (13.7dB), as shown in [Fig.
4] and [Fig. 5. -
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Fig. 7. Measured IF output power spectrum of
the fabricated mixer
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Fig. 8. Measured IF harmonic spectrum
characteristics of the mixer

[Fig. 8] is the expanded version of [Fig. 7] and
shows the harmonic spectrum of the fabricated
mixer. In [Fig. 8], the harmonic spectrum is very
low at -60dBm.
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Fig. 9. Measured result of the carriertonoise
ratio (C/N) of the fabricated RF module

(Fig. 9] shows the measured result of the carrier

to noise ratio(C/N) of the fabricated RF module.
The carrier to noise ratio at the output port of the
RF module is measured when the applied RF input
power is - 70dBm. C/N is measured as -52.46dBm
at the offset frequency of 100KHz away from the
center frequency (2.4GHz) by a spectrum analyzer.
The noise figure of this system is given by the

following equation;
NF = Ppp— P, —10log (RB /Hz) + C/N [dB ] (1)

Where, Pgp is the input power of the signal at
the center frequency, and P, is a noise power per
1Hz at the normal temperature (7"= 290° K ). The
value of the P, is 174dBm/Hz generally. The RB
is the resolution bandwidth (100KHz), which is the
same as the offset frequency in the measurement.
Thus, the noise figure is 1.54dB in the 2.4GHz band.
The noise figure of the fabricated RF module is less
than that of the design specification(2~3dB) for an
ISM band and wireless broadband internet service.

IV. CONCLUSION

An RF module with high conversion gain and
good isolation among the RF, IF and LO ports is
analyzed and fabricated. A high conversion gain and
good isolation of the RF module are achieved
simultaneously by using the LNA, the single ended
gate mixer, matching circuits, the hairpin line BPF
and the Chebyshev IF filter. The transducer power
gain of the fabricated LNA is 41+ 0.5dB over the
broadhand of between 22GHz and 2.6GHz. The
conversion gain of the mixer at 140MHz IF
frequency has obtained 13.72dB with 2dBm LO
power level. The conversion gain of the RF module
is 555dB when the applied RF and LO powers are
-70dBm and 2dBm, respectively. Notably, a very
wide dynamic linear range for the IF output power
(-63.5dBm and -55dBm) has been achieved when
the RF input power is supplied from -120dBm to -
60dBm. In addition, a total noise figure for the RF
module lower than 16dB is achieved. The
experimental results are agreed well with the
simulated results and with the specification of the
24GHz band communications. Therefore, the RF
module has been designed successfully with the
techniques given in this paper.

[1] G. D. Vendlin and A. M. Pavio, and U. L. Rohde,
Microwave circuit design using linear and

nonlinear techniques, John Wiley & Sons, Chap.
July, 1990. .
[2] K. Imai and H. Nakakita, "A 22GHz band low
satellite
receiver,” IEEE Trans. On Microwave Theory
and Tech., Vol.39, No.6, Jun., 1991.

noise RF module for broadcast



10 st=22d |?'£§.’2| 2X|'06 Vol. 6 No. 4

[3] V. Nair, S. Tehrani, R. L. Vaitkus, and D. G.
Scheitlin; “Low power HFET down converter
MMIC's for  wireless  communication
applications,” IEEE Trans. On Microwave
Theory and Tech., Vol.43, No.12, Jun., 1995.

[4] J. ]. Kucera, U. Lott, and W. Bahtold, "A new
antenna switching architecture for mobile
handsets,” IEEE Int’l Microwave Symposium
Digest, Vol.3, 2000.

[5] M. Golio, The RF and Microwave handbook,
CRC Press, Chap. May, 2001.

(61 G. Gonzalez, Microwave transistor amplifiers
aralysis and design, Prentice Hall, 2nd Ed.,
Chap. Apr., 1997.

[71 B. K Ko and K. Lee, "A new simultaneous noise
and input power matching technique for
monolithic LNA's using cascode feedback,” IEEE
Trans. On Microwave Theory and Tech., Vol.45,
No.9, pp.1627-1629, 1997.

[8] L. Boglione, R. D. Pollard, and V. Postoyalko,
"Rn circles for series feedback amplifier,” IEEE
Trans. On Microwave Theory and Tech.,
Vol47, No.7, pp.973-978, 1999

[9] B. M. Albinsson, "A Graphic design method for
matched IEEE
Transaction on Microwave Theory and Tech.,
Vol.38, No.2, pp.118-122, 1990.

[10] L. Boglion, R. D. Pollard, and V. Postoyalko,
"Optimum noise source reflection coefficient

with [EEE
Transaction on Microwave Theory and Tech.,
Vol45, No.3, pp.402-407, 1997.

[11] ‘http://www.ansoft.co.kr

[121 W. R. Curtice, "Nonlinear analysis of GaAs
MESFET amplifier, mixer, and distributed

low noise amplifier,”

design feedback  amplifier,”

amplifiers using the harmonic balance
technique,” IEEE Trans. On Microwave
Theory and Tech,  VolMTT35 Nod4,

pp.441-447, Apr., 1987.

[131 J. A. Garcia, J. C. Pedro, M. L. Fuenta, N. B.
‘Carvalho, A. M. Sanchez, and A. T. Puente,
"Resistive FET mixer conversion loss and IMD

IEEE
Transaction on Microwave Theory and Tech,,
VolMTT47, No.12, pp.2382-2392, Dec., 1999.

{14] D. M. Pozar, Microwave Engineering 2nd Ed.,
John Wiley & Sons, Chap. Aug., 998.

[15] G. L. Matthaei, N. Q. Fenzi, R. J. Forse, and S.
M. Rohlfing, “Hairpin comb filters for HTS

IEEE

Transaction on Microwave Theory and iTech.,

VolMTT45, No.8, pp.122-1231, Aug., 1997.

optimization by selective drain bias,”

and other narrow band applications,”

X XA

7J % ﬂBong—Soo Kang) Pkl

L1996 WA AAEE
(T8

L2002 1 AFofeka datel B4
FEHHFAAAD

+ 2004 : AlFdE e ok FA
FEI (A4 R)

% & 9(Doo-Yeong Yang) PN

£ 1984d 29 : AT A FAF
gtak(F &AL

1939 29 kit tiEtdd
g 2lF et (F s A}

L1929 29 FYHIw iR

. 1992»1 3é &7 :

AR FAAFE TS 05

<@AEoE>  RF3lE @ RFID, o] 5354, #4354



