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The main aim of the paper is designing and implementing a broadband low-
noise-amplifier (LNA) based on compensated matching network technique in
order to get high stable gain, low noise figure, low cost, and smaller size for
3G/4G communication system applications at 2 GHz with bandwidth 600
MHz. The advanced design system (ADS) simulates the proposed circuit.

The implementation was done with a class A bias circuit and a low noise

transistor BFU 730F with a lower noise figure (NFmin) 0.62 dB. Collector

Keywords: current is measured to be 5.8mA and base current is 19.1pA with a supply
3G/4G voltage of 2.25V. The new design proposed a (NFmin) of 0.62 dB with a 17.8
. dB high stable amplifier gain. The microstrip lines (MSL) and compensated

Compensated matching matching network techniques were used to improve the LNA’s stability and

network _ achieve a good result. The LNA board is implemented and assembled on the
High stable gain FR4 botton layer material. The results are virtually non existence equivalent
Low cost between the simulated and the measured results.

Low noise amplifier This is an open access article under the CC BY-SA license.
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1. INTRODUCTION

The need for 3G/4G portable wireless devices has prompted the invention of a low-noise-amplifier
(LNA), as is well recognised. In a wireless system, the LNA is the first stage of most wireless receiver
design. The effectiveness of the LNA block determines the RF receiver's efficiency. Cell phones are an
excellent way to keep in touch with others and have become indispensable to many people all over the world.
Today's technologically advanced cell phones (3G/4G) are capable of storing data, taking pictures, mobile
internet access, video calls, mobile TV gaming services, and 3D television in addition to receiving and
placing phone calls. In a multi-band mobile receiver, a broadband (BB) LNA is needed [1]. Briefly, the
definition of the LNA is a reception system able to receive poor signals and enhancement it in order to satisfy
the level acceptable for continuity the compared of device transceiver to the conventional narrow-band LNA.
The wide-band LNA has a unique design that allows it to tackle a variety of challenges, including matching
BB at the input to reduce reflection coefficient, adequate and gain, low (NF) and high linearity [2].

There are many techniques to design broadband LNA such as compensated matching network [3],
balanced amplifier [4], distribution amplifier [5], and negative feedback [6]. Some references about this LNA
designs have been published. The utilization of dual wide band with (2-4 GHz and 5-6 GHz) has been
proposed in [7]. Also, 2.3 GHz LNA for WiMAX is published in [8], at 2.3 GHz, the optimised LNA has a
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NF of 1.102dB and gain of 15.11 dB [9]. At the interested band, the NF differs from 3-3.7 dB. This situation
does not supportive the LNA designs for 3G/4G applications. For this band, the designed LNA with a NF of
0.588 dB, unconditional stable along and the gain of 12.85 dB has been published in [10].

In this paper, a broadband LNA based on compensated matching network technique has been
designed and implemented at 2 GHz in order to get high stable gain, low noise figure, and smaller size for a
3G/4G communication system. The manuscript is arranged as: The second section illustrates the LNA circuit
design methods. The analysis, design steps and simulations by using ADS [11], which have been discussed in
the third section. The implementation and simulation results have been introduced in the fourth section.
Finally, the conclusions have been explained.

2. BROAD BAND LNA CIRCUITS APPROACHES

The key and challenge to realize broadband LNA design is to achieve high gain and ensure stability
in the whole band. Figure 1 shows a simplified circuit diagram for the broadband LNA. The structures of the
broad-band LNA are [12].

Compensated matching network
— Balanced amplifier

— Distribution amplifier

— Negative feedback amplifier

The compensated matching network design is essential to obtain gain flatness results and low noise
figure by using stepped impedance matching and a single short stub. The stepped impedance matching circuit
(quarter-wave transmission line) helps the design to reduce the load and source reflection coefficient (I') by
making multiple steps £/4 length of the transmission line (TL). So, the input impedance at the load or the
source efficiency can be obtained as Zin=Z?/Z,; Zin=Z¢*/Zs where Z, is the TL characteristic impedance.
Also, a single short stub can be considered for matching circuit at source and load to improve the reflection
coefficient.

A balanced amplifier is a cost-effective way to incorporate a broadband amplifier with flat gain and
accurate input and output matching. The most common configuration is to use two (3-dB) hybrid couplers on
a balanced amplifier. A distribution amplifier is a circuit that incorporates TL at the design in order to obtain
a higher gain product than typical circuits can achieve.
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Figure 1. A simplified circuit diagram for the broadband LNA

In broadband amplifiers, negative feedback can be used to achieve a flat gain response at all the
band and get lower NF. Additionally, it monitors the amplifier's output due to the differences in S-parameters
between transistors. Negative feedback is classified into two types: shunt and sequence. When accordingly
used, it can be:

Preserve flatness- gain

Reduce component temperature effects
Enhance DC and RF stability

Reduce distortion [13].

In general, shunt feedback can simply maintain stability at lower RF frequencies but weaken it at the
higher frequencies [14].Series feedback is not favored for RF applications because it can decrease stability
with respect to shunt feedback.Even though the compensated matching network amplifier enhances the other
indicators by sacrificing the noise figure marginally, however by comparison, this structure is the excellent
method with the best effect. So, compensated matching network amplifier is adopted and used in this work.
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3. CIRCUIT ANALYSIS AND DESIGN STEPS

In this section, the design analysis of LNA for 3G/4G applications is presented. Table 1 shows the
proposed low noise amplifier specifications. The proposed broadband class-A LNA circuit [6] with the
compensated matching network with an NPN SIGE RF transistor BFU-730F device is shown in Figure 2. In
this case, stable broadband gain and good impedance match simultaneously in the RF range, the compensated
matching network amplifier was used. The computer-based method [15] has been used for amplifier
designing.

Table 1. LNA design parameters

Parameter Center Frequency (f,) Sweep Bandwidth (BW) Gain  Noise Figure Stability Supply Voltage
Value 2 GHz 600 MHz >16.5dB  <0.7dB Unconditional stable 225V
@
4
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Figure 2. Proposed circuit schematic of broadband LNA

3.1. Bias configuration

Most microwave bipolar junction transistors (BJTs) are made via silicon in the NPN mode. Below
4 GHz, silicon BJT provides a reliable and low-cost solution to many electronics designs. The transistor
dimensions are tiny to allow operations at microwave frequencies. The NPN SIGE RF transistor BFU-730F
was used. This transistor has a small noise figure over the whole band along with enough gain at high
frequency. From the datasheet, the BFU-730F amplifier provides less than 0.7 dB noise figure with a typical
gain of 17.8 dB at Vcg=2.025 V and Ic=5.8 mA operating point. A high DC current is necessary for high
gain. Of course, the higher current generates higher noise. In order to obtain the greatest possible high-
frequency gain, the noise figure is sacrificed to a certain extent.

3.2. Stability analysis

The stability of the amplifier is a very important consideration since, it is a measure of the resistivity
of the system against the oscillation. For unconditional stability, the scattering parameters of the device
determine the stability as shown in (1) to (4):

Is| <1 1)

<1 2
S12X821XI'L

[l =l S+ === <1 3)

S12XS821XT'S

|FOUT| :l 822 * 1-S11XTS

<1 (4)
where T's and T'L are the source and load reflection coefficients, respectively. Moreover, the stability of the
amplifier circuit was recognized by the stability factor (k) as mentioned in (5). The state of unconditional
stability can be realized from:

1-|S11|2-|S22|%+]4|?
2|512xS21|
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A= S11XSp - S12xSp1< 1 (6)

S0, |S11| and |Szz| must be less than 1 to achieve unconditional stability. In order to reach the entire frequency
range, we have to use stabilizing branches since potential instabilities exist in the whole frequency band.

Table 2 shows the scattering parameters and stability factor (K) to the Low noise transistor BFU
730F. The simulation has been done at the same biasing in our design (Vce = 2.025V, Igg=19.14A) as shown
in Figure 3 Where it shows the circuit to obtain the scattering parameter of the RF BJT amplifier without any
matching technique.
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Figure 3. The circuit for S-parameters calculations of RF amplifier

Table 2. Scattering parameters and stability factor.
Center Freq. Sy S Su Sz K
2(GHZ) 42L-106.16 -274L416 145L1067 059L-51.09 0.425

At the outset, the circuit will achieve lower stability. A bias circuit is accommodated to make the
stability factor as high as possible. The stability factor of BFU-730F in the static bias is determined as shown
in Table 2. Therefore, the high stability factor and low noise characteristic amplifier the circuit is shown in
Figure 2 is proposed. After simulation and optimization, a compensated matching network circuit is
introduced in parallel to strengthen the stability.

3.3. Broadband matching network design

As shown in Figure 2, the biasing network is consisting of two bypass capacitors (C, and Cs) to
eliminate the power supply ripple. The two RF choke coils (L, and Ls) prevent the RF signals while allow
passing DC source voltage. Also, the quarter wavelength transmission line (A4 T.L) keeps the design
matching at the needed bandwidth; it makes the impedance high at RF signal, and preserves the impedance
low at DC source voltage. There are three varieties of transmission lines (the two-wire, the coaxial and the
microstrip transmission line).

The microstrip transmission line (MSTL) is the most proper for the construction of microwave
amplifiers. The input network, which consists of capacitor C1, strikes a balance between the best noise figure
and a fair input return loss as (DC block), microstrip line matched (Stepped impedance matching Technique)-
T, shunt inductor L1 (equivalent for shunt single short stub to make so small size). The output matching
network consists of a shunt resistor R4 (equivalent for transmission line matching) and shunt inductor L4
(equivalent for shunt single short stub) and capacitor C4 (DC blocking). The methodology mentioned in [16]
has been used for matched element realization. The designed elements are shown in Table 3.
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Table 3. Transmission lines, and lumped components Values
Symbols Wy, Li(mm) W, Loymm)  Ws, La(mm) Wy, La(mm)  Ws, Ls(mm) W, Le(mm) Lg Cx R,
Values  0.962,3.14  0.83,3.35 0.55,2.16 0.55, 3.67 0.83,2.52 055, 1.72 7nH  68pF  10Q

Symbols W5, Ly(mm)  Ws, Lg(mm) W,y Lo(mm) Wi, Lig(mm) DC source Ry Cy Cs
Values 0.83, 2.52 0.55,1.11 0.55, 3.35 0.55, 3.14 2.2V 70 KQ 1pF 05pF
Symbols R, R; R4 L1 L, Ls C: Cy
Values 10Q 20Q 20Q 7nH 3.3nH 8nH 1pF  24pf

3.4. LNA noise analysis
Generally, in LNA noise circuit analysis, the input source is demonstrated as the parallel connection
of an equivalent source admittance Ys and the noise current is. The total noise donated by the two-port network

is modeled as a noise voltage source e, and a noise current source i,, as shown in Figure 4, assuming that the
network is noiseless and linear.

— — . . .
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I

Figure 4. Equivalent noise model

The definition of noise figure is expressed as in (7):

total output noise power

~ out L i (7)

put noise due to input source
in an electronic circuit, there are several forms of noise sources, including thermal noise, shot noise, and
flicker noise. However, thermal noise and shot noise are the most powerful types of noise in the LNA
circuits. The Thermal noise increases with increasing Temperature and Resistance as in (8):

vZ.s = 4kTRAf (8)

where K is Boltzmann constant, R is equivalent resistance and T is the temperature in kelvin. Additionally,
shot noise occurs in microelectronic devices as a result of the inevitable spontaneous statistical variations in
the electric current as charge carriers (such as electrons) traverse a junction. If electrons flow over a
membrane, their arrival times are discrete. As stated previously, these discrete arrivals exhibit shot noise (9):

ifms = 2qIAf ©)

where (i2,,s) is the current shot noise generator, (g) is an electron charge elementary, (Af) is the the band-
width in hertz at the considered noise is, and (l) is the DC following current.

4,  SIMULATION RESULTS

The proposed LNA is designed according to a computer-based method. The scattering parameters
are obtained by using the ADS [17] software for the NPN SIGE RF transistor BFU-730F device as shown in
Figure 2. The designed elements values are given in Table 3. Where (W) is the transmission line Width and
(L) is the transmission line length.

By notice, the manufacturer's passive element exhibits slightly different parasitical characteristics
when optimised using the ADS method. The matching circuit for the input and the load network are both
made of ideal microstrip transmission lines. For 3G/4G applications, the designed LNA proposed circuit has
been simulated by using stepped impedance matching network technique and shunt short single stub
technique to achieve high flatness gain of (17.8dB). Figure 5 demonstrates the variation of the gain (Sz1) and
the input return loss (S11) over the proposed bandwidth from (1.7 GHz to 2.3 GHz).
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As observed that the input return loss Si; varied between (-7) dB and (-11) dB and achieved a gain
Sz varied between 16.5 dB and 17.8 dB. Thus, these values indicate a good matching and high gain over the
interesting bandwidth. Also, Figure 6 shows the NF achieved a good result (0.62dB - 0.69dB) over the LNA
operating band 1.7GHz-2.3GHz. This value indicates that the amount of noise added to the overall system is
very low.
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Figure 5. The gain_(Sz1) and the input return loss (S11)

From Figure 7, it can be observed that the stability factor (K) is greater than 1 over the operating
band. Thus, the conditions for unconditional stability are validated on the pass frequency band. Therefore,
there is no risk to get oscillations.

freq, GHz

Figure 6. Plot of the noise figure versus frequency Figure 7. Plot of the stability factor (K) versus
frequency

5.  EXPERIMENTAL RESULTS

Figure 8 shows the layout for the proposed LNA. Taking into account the peripheral's parasitic
resistance, inductance, and capacitance in the box. The resistances of Murata's chip inductors, capacitors, and
other companies' packages are sufficient in the simulation. The proposed broadband LNA is implemented
using FR4 substrate material with a dielectric constant &, = 4.5, thickness (h) of 1.6 mm, and loss tangent
(tand = 0.025). The printed circuit board is a one-layer configuration, it has an overall size of about 3 x 2.6
cm? as shown in Figure 9.

The LNA measurements start with the quiescent current testing, then the S-parameters is measured
using Vector Network Analyzer (VNA). The connections of the printed circuit board to the power supply and
the network analyzer are shown in Figure 10. Figure 11 illustrates the values of the simulated gain (S21)
which varied between 16.5 dB to 17.8 dB as well as the values of the simulated gain (S21) which varied
between 16.5 dB to 17.8 dB over the proposed band 1.7 GHz to 2.3 GHz and the measured gain (S21) which
varied between 15.5 dB to 17.1 dB over the proposed band 1.7 GHz to 2.3 GHz.
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Figure 8. Layout of the proposed LNA Figure 9. The PCB of the broadband LNA

The measurement shows that there is no difference between the values of simulated gain and
measured gain at the center frequency (2 GHz), but over the broadband, it almost less than 1dB. Any slight
inequality between simulated and measured outcomes is due to the standard manufacture defects and the
copper surface unevenness [18].
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Figure 10. The measurements setup for the LNA Figure 11. Measured and simulated results of the
circuit proposed LNA

Table 4 shows comparability between the suggested broadband LNA and other previously
developed LNA circuits. The comparison shows that the suggested broadband LNA circuit achieved the
lowest noise figure in addition to the leverage of the gain, small size, with relatively better return loss.

Table 4. Previous Work Comparison

Ref. Technology Frequency (GHz) NF (dB) Gain(dB) Cost
This Work  BFU-730F SIGE 1.7-2.3 0.62-0.69 16.5-17.8 Low

[19] SIGE Bipolar 1.8 13 17 High

[20] AT-41410 Si-BJT 1.75-2.15 N/A 10-11.8  Moderated

[21] ATF-54143 23 0.46 13.8 Moderated

[22] PHEMT ATF-54143 0.5t06 35 18 Moderated

[23] BFP720 23 1.15 34 Moderated

[24] SIGE HBT 16-24 15 18 Moderated

[25] SIGE HBT 1-2 1 13 Moderated

6. CONCLUSIONS

With the assist of the Advanced Design System (ADS) and the compensated matching network and
broadband matching theory, a LNA has been designed by steadily optimization and correcting the circuit
parameters. The design was sufficed the electromagnetic (EM) simulation and the design result proved that
the proposed broadband LNA has succeeded in a gain up 16.5dB, the flatness gain down +0.7dB, NF under
0.69 dB. The circuit is designed and assembled on FR4 substrate material to reduce the LNA price where it
can be extensively used in (3G/4G) communication systems. The proposed circuit was implemented by using
microstrip and the measured parameters are matched with the simulation results.
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