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Abstract

The purpose of this project was to design and manufacture a Low-Noise Amplifier (LNA)
working at a 5 GHz frequency band, by using High Electron Mobility Transistor (HEMT) from
Avago Technologies. To improve our design, it was necessary to build a two-stage amplifier;
one stage to work in minimum noise sensitivity, and another stage to get the maximum gain
achievable by the transistor. This thesis work was carried out as a part of the UAV (Unmanned
Aerial Vehicle) system project developed by a research group at the Radio communication and

Microwave Electronics department, UMH.

The project was designed and simulated using Agilent ADS (Advanced Design System)

software.
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1 Introduction

Nowadays there are several applications using the term microwave that is used to describe
electromagnetic waves with a wavelength ranging between 10 cm and 1 mm. thus, the
corresponding frequency range is between 3 GHz and 300 GHz [1]. In more recent years
microwave frequencies have also come into widespread use in communications systems, radar

applications; since the propagations of microwave is effectively along line-of-sight paths [2].

In RADAR (Radio Detection and Ranging System) applications, generally, a Low-Noise
Amplifier (LNA) is placed at the front-end of a radio receiver system, which the main function
Is to provide the first stage of amplification in the receiver, prior to the signal being down-

converted [3].

Thus, the Low-Noise Amplifier is one of the most critical stages in a communications system
that is widely used in several applications like UAV (Unmanned Aerial Vehicle). Where, the
noise figure of the LNA has the greatest impact by any component on the overall receiver,
regarding noise figure and receiver sensitivity, therefore, the two performance specifications of

primary importance to determine for LNA quality are gain and noise figure [4].

1.1 Goal

The overall goal of this project is to design and manufacture a Low-Noise Amplifier (LNA)
working in the 5 GHz frequency band, the circuit design is intended to get two-stage amplifiers;
the first stage to work with minimum noise, and the second stage to get the maximum gain
achievable by the transistor. The expected results for this LNA design is to achieve more than

20 dB gain with a noise figure that is less than 1 dB.

1.2 Method

The method to successfully achieve the purpose of this project is by applying the necessary
literature information and using as the main tool, Agilent ADS (Advanced Design System)
software, to design the low-noise amplifier, and also to perform the EM-cosimulation in order

to obtain more accurate simulation results of our design.
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1.3 Outline

The structure of this thesis is as follow:

e Chapter 2: Theory. Covers the necessary literature information needed to be applied,
in our whole design system.

e Chapter 3: Design. Displays step by step the entire design and simulation performed
to get our Low-Noise Amplifier design.

e Chapter 4: Manufacturing. Shows the process to make the amplifiers.

e Chapter 5: Measurements. Displays the characterizations of the amplifiers.

e Chapter 6: Discussion. Covers the discussion regarding the results obtained.

e Chapter 7: Conclusion. Summarizes the whole process and results obtained to give

some recommendations and suggestions for the improvement of this kind of work.
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2 Theory

2.1 Frequency band

Since the purpose of this project is to design an LNA to be used in a UAV (Unmanned Aerial
Vehicle) application, also named as Drone, the frequency band used to design is under C-band.
Thus, most microwave frequencies at the radar applications are narrowband (< 10 %
bandwidth), but, the trend of it is toward increasing bandwidth (e.g., 25%) [5].

Frequency (Hz)

3x10° 3x105 3x107 3x108 3x10° 3x10° 3x10M 3x10? 3x108 3x10M
| | | | | |

Microwaves

Long wave
radio
AM broadcast
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VHF TV
FM broadcast radio
Far Infrared
Infrared

Visible light

I I
1071 1072 1073
Wavelength (m}

|
T
|
|
|
|
|
|
|
|
|
|
[
1

J—
(=
N
—_
9
L
S
&,

103 102

[
[

Fig. 1. Frequency band designation [1].

2.2 Microwave theory

2.2.1 Transmission lines

Working with high-frequency applications, there are three types of transmission lines: lossless
transmission line, lossy transmission line and microstrip transmission line. Since the task of this
project is on practical problem-solving, we will be focused on microstrip transmission line.
However, it is important to consider the fundamental knowledge of transmission lines due to at
high frequencies, transmission lines behave quite differently. For instance, short-circuits can

actually have an infinite impedance; open-circuits can behave like short-circuited wires.
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Thus, we can consider an equivalent circuit for a short section of transmission line, as shown
in Fig. 2.

iz.0) iz + Az, )
_ —_—
—YYY 0
* LAz RAz J_ +
v(z,0) CAz GAz vz + Az

o 0

: . =:

z Z+ Az

Fig. 2. General model for transmission line in short section Az [6].

Where Az is much smaller than a wavelength, the inductance and capacitance present in Fig. 2
provides the time delay and phase shift lacking in the treatment of these transmission lines using
conventional circuit theory, therefore, it is available to analyze this equivalent lumped circuit
by using Kirchhoff’s voltage and current laws. And, the quantity LAz (H) is the total series
inductance of the equivalent circuit, which depends on the inductance per unit length L(H/m).
Caz (F) is the total capacitance, which depends on the shunt capacitance per unit length C(F/m).
The total series resistance RAz and shunt conductance GAz depend on the resistance per unit

length R(€2/m) and the conductance per unit length G(S/m), respectively.
The application of Kirchhoff’s voltage law to the equivalent circuit in Fig. 2 gives

v(z + Az t) + LAZ% + RAzi(z,t) = v(z,t) Q)
Which can be

v(z+Azt)-v(z,t) _

) ai
- —Ri(z,t) — LE (2)

In the limiting case, as Az tends to zero, this equation becomes

dv . ai
E— —Rl(Z,t)—L; (3)
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And, the applications of Kirchhoff’s current law to the circuit in Fig. 2 produces

i(z+ Az, t) —i(z,t) = —GAzv(z + Az, t) — CAZZ—? 4)
Which, in the limiting case as Az — 0, gives

o _ L)
2= —Gu(zt)-C2 (5)

where, equations (3) and (5) are known as the transmission line equations [6].

2.2.2 Microstrip transmission line

Nowadays, the microstrip transmission line provides a useful technique to a trace a PWB
(Printed Wiring Board), where the signal consists of electric and magnetic fields between the

conductor, which in actuality fringe around the conductor edges, as shown in Fig. 3.

| AR

Fig. 3. Microstrip transmission line [1].

The effective dielectric constant (e.) of the microstrip line is in the dielectric region and some

in air, thus, the effective dielectric constants (&,) should satisfice the relation
1<e, < €

Where the effective dielectric constant of a microstrip line is given by

€rt+1 €r—1 1
= +

€ = (6)
Tz 2 [l
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And, given the dimension of the microstrip line, the characteristic impedance can be calculated

as follow
w
For = <1
60 8d w
ZO —Eln (W-Fa) (7)
For v =>1
d
7, = 1207 )

 Jee|5+1.393+0.667In(G+1.444)|

Nevertheless, for a given characteristic impedance (Z,) and dielectric constant (e,.), the W/d

ratio can be calculated as

For w <2
d
w ge4
d e?A_2 ®
For w > 2
d
w 9 e—1 0.61
=2 [B —1-In(2B-1) + - {ln(B —-1)+0.39 — E—r}] (10)
Where

_ Z_o ﬂ €r—1 0.11
A= 60 \/ 2 T €r+1l (0'23 + €r ) (11)

_ 377n

T 2Z0\Er

(12)

2.2.3 Quarter-wave transformer

One of the most common intermediate circuit for impedance matching is the quarter-wave
transformer, which implies a transmission line. Thus, the input impedance of the right-hand

transmission line shown in Fig.4. is given by Eq. (13).

7. = Rp+jZytan B¢
in = “1 7 1R tan B¢

(13)
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And to evaluate £ = A1/4 in Eq. 13, we have ¢ = (2 /A)/(1/4) = ©/2, and dividing the

numerator and denominator by ¢, also taking the limit as £ tends to /2, it gives

ZZ
Zn ="y (14)

Thus, in order to get I' = 0, we must have Zin = Zo, which gives the characteristic impedance of

the quarter-wave transformer

Z, = \JZ,R, (15)

r

A4

Zy FI> Z Ry
Zin

Fig. 4. Quarter-wave matching transformer [1].

2.3 Scattering parameters

Scattering parameters are one of the most useful tools to see the overall behavior of an N-port
network when is necessary to measure all reflection coefficients at microwave frequencies
given by S-parameters. Also, dealing a direct measurement of impedance, admittance or ABCD
parameters require that the ports should be terminated in either short or open circuit. Thus, the
essence of scattering parameters is that they relate forward and backward-traveling waves
(power flow) on a transmission line [7].

The S-Parameters of two-port circuits is characterized by four parameters as shown in Fig.5.

&y —- +— &y
CO— —C
+ Two-port +
V, network Va
- [5] -
O— —0

- by by —»

Fig. 5. S-parameters representing for a two-port network [8].
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From the figure above the S-parameters can be represented by the relationship between a,,

and b,, as follow [8].

+
a, = == ; Proportional to the incoming wave at the n'" port

vV Zon

b, = == ; Proportional to the outgoing wave at the n'" port

WV Zon

Where v} and v,; represent voltages corresponding to the incoming and the outgoing waves in
the transmission line connected to the n™ port and Z,,, (characteristic impedance) of the line;

thus, the relationship between a,, and b,, can be written as

by = S11a1 + S120;

b, = S3104 + Syza,

Therefore, we have

b b
S == S,y =2 a, =0
11 al’ 21 a1, 2
by b,
S1p =— Sy, =—= =0
12 az’ 22 az’ 1

Where
S11= Input reflection coefficient
S,1=Forward transmission coefficient
S12= Reverse transmission coefficient

S,,= Output reflection coefficient

2.4 Microwave transistor amplifier

241 Gain

Since voltage and current are extremely difficult to measure at high frequencies, it is much
easier to measure signal power. At the same time, the interstage impedance levels achievable
at high frequencies are neither very high nor very small, making power, rather than voltage gain

or current gain, critically important in high-frequency circuit design.
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We will consider an arbitrary two-port network, characterized by its S-parameters connected to
the source and load impedance Zsand Z, respectively, as shown in Fig. 6 to define the power

gains acting on the two-port network.

» The power gain, G = PL/Pin is defined as the power dissipated in the load divided by the
power delivered to the input of the two-port network. It is independent of the signal
source impedance Zs.

= The available power gain, Ga = Pawn/Pavs is defined as the power available from the two-
port network divided by the power available from the signal source. It assumes
conjugate matching of the source and of the load, thus, it is dependent on the signal
source impedance, but not on the load impedance Z,.

= Transducer power gain, Gt = P./Pays is one the most useful figures for an amplifier,
which is the ratio of the power delivered to the load of the power delivered by the source
and it depends on the input and output match. Thus, in terms of the gain coefficients,
the transducer gain is Gt = GsGoGL. And in terms of reflection coefficients, the

transducer gain is given as:

1— |2 , 1— |1, |2
T 1 _r. T2 |S24] T e
|1 — Tl |1 —S,,T |
Z
m?t]g:iim Transistor ng;gph}ﬁg
circuit 4—‘ ’—» [g] T ’—» circuit Z
Gs 0 GL
Tl I I, ‘FL

Fig. 6. Transistor amplifier circuit [1].

2.4.2 Stability

The stability is a necessary condition for a transistor amplifier to guarantee the right

performance of an LNA design in a stable region. Thus, there are two types of stability:

512521FL
Tl = [S11 + —————
I Lnl 11+1_SZZFL
512521FS
I, = (S —_— 1
| outl 22 + 1— 511Fs
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= Unconditional stability, where the input and output reflection coefficients are
ITin] < 1and T, ] <1

For all passive source and load impedances.

= Conditional stability, where the input and output reflection coefficient are
ITi] < 1and T, ] <1
Only for a certain range of passive source and load impedances.

Thus, the stability is needed before to make the design of an amplifier and can determine the
stability region for Iy and I;. To analyze this stability condition, it can be determined by using

the Rollet’s condition as defined below

1= 18317 = [Sp2|? + |AJ?

>1
2812521

Where
|A] = |S11S22 — S125211 < 1

2.4.3 Maximum gain (conjugate matching)

To get the maximum gain between the Source and Load impedances of the transistor, it must
be realized when the Source and Load reflection coefficients provide a conjugate matching on
them. Thus, the maximum power transfer from the input matching network to the transistor will

occur when

And the maximum power transfer from the transistor to the output matching network will occur

when

Lout = Fif

10
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With those assumptions for lossless matching networks, the overall transducer gain for

maximum gain will be given by

o 1 512 1—|1,?
Tmax = 1 — |2 72 1= Sy,l )2

And, the necessary equations to get the maximum gain in a bilateral case is as follow

SIZSZIFL

=8, +—2t ™
S 11 1— SZZFL

512521FS

I} =Sy + -t >
L 22 1— 511Fs

Where the solution of I'; and I, are given as

LBt BZ — 4|C,|?
5 2C,

p B2t B3 — 4|C,|?
L= 2C,

The variables B1, C1, By, C» are defined as

By =1+ 8111* = [S3,]* — |A]
By = 1+ S2,1% — 1S141* = 1A]?
Cy = S11 —AS3,

Cy = Sap — ASTy

2.4.4 Low-noise
The noise figure of a two-port amplifier can be expressed as

Ry

GS |Ys - Yopt|2

F=Fpn+

Where

Ys = Source admittance presented to transistor.

Yopt = Optimum source admittance to get minimum noise figure.

11
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Fmin= Minimum noise figure of transistor
Rn = Equivalent noise resistance of transistor.

Gs= Real part of source admittance.

Thus, in order to achieve the minimum noise in a LNA design, it must be applied that
Ys = Yopt

2.4.5 Cascaded noise figure

Noise figure is one of the most important parameters, when we are designing a Low-noise
amplifier, especially in cascaded amplifiers, where the cumulative noise figure of two or more
cascaded amplifiers is described by Eq. (16), which is defined as Friis’s equation [9].

Fig. 7. shows the gain and noise figure of the individual stages of a cascade transistor amplifier.

G1 G2 G3 G4

Fig. 7. Cascade transistor amplifiers.

-1 + F3-1 Fp—1
G1 G1G; G1G2Gs...Gp,

Frotar = F1 + (16)

Where:
Ftotat = Noise figure of the amplifiers cascaded together
Fn = Noise figure of the n'" amplifier

Gn = Gain of the n' amplifier

Thus, in a cascade amplifier, the final stage sees an input signal that consists of the original
signal and noise amplified by each successive stage. Each stage in the cascade chain amplifies
signal and noise from previous stages and contributes some noise of its own. As we can see in
Eqg. (16). the noise figure of the entire cascade chain is dominated by the noise contribution of
the first stage or two; later stages are less important where noise is concerned, provided that the

input stages have sufficient gain.
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2.4.6 Gain compression

Gain compression is a usual behavior of a typical microwave amplifier, especially, when we
are plotting the output power as a function of input power. At low power levels, a single
frequency signal is increased in power level by the small signal gain, as Poust= G *Pin, where at
lower power levels, this produces a linear Pout Versus Pin plot with slope equals one.

At higher levels, nonlinearities in the amplifier begin to generate some power in the harmonics
of the single frequency input signal and to compress the output signal. Therefore, gain

compression is often characterized in terms of the power level when the large signal gain is 1

Design of a Low-Noise Amplifier for Radar Application in the 5 GHz Frequency Band

dB less than the small gain, as shown in Fig. 8.

Py (dBM)

.
Ideal linear output 2 '."

'," 1 dB compression point
___________ ',‘.‘ R
14‘1 dB < Saturated output power

Region of gain
compression

Z Linear region, slope=1

—

[
>

Pp(¢Bm)

Fig. 8. Gain compression behavior.
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3 Design

3.1 Characterization of the substrate

3.1.1 Dielectric constant (€,.)

The purpose of this characterization is to find the most accurate value of the dielectric constant
(e,) of the substrate used, which is correlated with the design frequency. The task will be
designing and manufacturing a resonator circuit at 2.5 GHz, to later on, make it an adjustment
with the schematic and momentum simulations, in order to do an average of those values of the
dielectric constant.

To carry out this resonator design, we will take the parameters of the substrate given by the

manufacturer.
€ =44 ; Dielectric constant
H =0.4mm ; Thickness of the substrate
tané = 0.02 ; Loss tangent
T =35um ; Thickness of the conductor

As we can see in Fig. 9. The quarter-wave resonator has been designed at 2.5 GHz.

| Ly | S-PARAMETERS |

S_Param
SP1

Star=0.1 GHz | } { } i ]
Stop=6 GHz MLIN MLIN
Step=05 MHz L1 T2

Subst="MSub1" MTEE_ADS Subst="MSub1"
MSub W=0.736598 mm . . W=0.736598 mn|

L=10 mm Sufgst="MSub1 L=10 mm

W1E0.736598 mm

MSUB W2k0.736598 mm
MSub1 Term W3k0.736598 mm
H=0.4 mm * | rerm1 Term
Er=4.4 ———— Num=1 q; Term2
Mur=1 S | z=50 ohm MLOC S | Num=2
Cond=1.0E+50 L3 7=50 Ohm
Hu=1.0e+033 mm = Subst="MSub1" =
T=35 um W=0.736598 mm
TanD=0.02 L=16.706600 mm
Rough=0 mm

Bbase=
Dpeaks=

Fig. 9. Quarter-wave resonator circuit.

Once we have designed the resonator circuit, we proceed to measure it, where, we got different
frequencies from the schematic simulation at 2.499 GHz and momentum simulation at 2.477
GHz, while VNA measurement at 2.544 GHz. As shown in Fig. 10.
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m1

freq=2.499GHz
dB("Schematic_Simulation__Er_4.4_"..S(2,1))=-31.244
Min

m2
freq=2.477GHz
dB("EM_Simulation__Er_4.4__MomUW_a"..S(2,1))=-31.302
Min
m3
freq=2.544GHz

= dB("VNA_Meas__Er 4.4 _"..5(2,1))=-28.5412
‘1% Min
(S i
=%,
oF |
535
=5
=
N
mes
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o2
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21
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o 0 2 4 6 8 10 12
o
© freq, GHz

Fig. 10. Resonance frequencies obtained from the quarter-wave circuit.

Then, due to the different resonance frequencies obtained, the task was to do a tuning on the
dielectric parameter of the schematic and momentum design, in order to get the same frequency
as VNA measurement at 2.544 GHz. After doing that process, we got the dielectric constants;
from the schematic simulation at 4.23 and momentum simulation at 4.19, which are different
from each other. As shown in Fig. 11.

Thus, the dielectric constant taken to design the amplifiers was €, = 4.21, which was obtained

as an average of the schematic and momentum values.

m1

freq=2.544GHz
dB("Schematic_Simulation__Er_4.23_"..S(2,1))=-31.322
Min

m2

freq=2.540GHz
dB("EM_Simulation__Er_4.19__MomUW_a"..S(2,1))=-31.381
Min

m3
freq=2.544GHz
dB("VNA_Meas__Er_4.4_"..S(2,1))=-28.542

(2,1))

hw Min
ARG 1(“‘(/): =
PN
299
(<} VI: -\ -
=i
N
[} [,
su
I8,
2®
L|.|}_gg
5 o
;:.9<Z(
=
2E2
Eox
w‘gu -
= hd | I I I I
TPy 0 2 4 6 8 10 12
—T
< freq, GHz

Fig. 11. Dielectric constants (¢,.) obtained after made the tuning.
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3.1.2 Loss tangent (tan §)

For this purpose, we will take as a reference the reflection coefficient S11 measured by VNA at
the resonance frequency obtained (2.544 GHz) to make a tuning on the schematic design circuit
from the Fig. 9.

As we can see in Fig. 12 (left side), it shows S11 (schematic simulation) compared to the VNA
measurement result, both responses with tan § equals 0.02, but, we can see on it that the VNA
attenuation result is more than the schematic attenuation result. Thus, we did a tuning on tan §
from the schematic design, in order to achieve almost the same attenuation as the VNA result,
as we can see in Fig. 12 (right side), the tuning on tan § parameter for the Schematic design is
giving 0.042.

m2 m2
freq=2.544GHz freq=2.544GHz
dB("Schem_Simul_TanLoss 0.02"..S(1,1))=-0.320 dB("Schem_Simul_TanLoss_0.042"..5(1,1))=-0.62§
m1 m1
freq=2.544GHz freq=2.544GHz
= dB("VNA_Meas_TanLoss_0.02"..5(1,1))=-0.63§ = dB("VNA_Meas_TanLoss_0.02"..S(1,1))=-0.638§
—Z= 10 —= 10
[ :‘_» =
S m2 % m2
By "] g 7]
S3 ] 32
@1 10 o1 10
S8 b 4 2
GT 20 T2 a0
':u[—“ i "||(—“
g %I 30 39 30
= -30— £® -30—
wlgl | ﬁlé"
§<ZE 40— 5§ a0
o> 4 5>
%ésc T T L L B gﬂ\“/-soHH‘HH‘HH‘HH‘HH‘HH
© 0 1 2 3 4 5 6 %U 0 1 2 3 4 5 6
freq, GHz freq, GHz

Fig. 12. Characterization for the tan § of the substrate.
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3.2 Selection of the transistor

Since our LNA design will work at 5 GHz, and in order to achieve the minimum noise at the
first stage of the amplifier and the maximum gain at the second stage of it; High Electron
Mobility Transistor HEMT (ATF-34143) by AVAGO Technology is ideal for this type of
requirements due to its excellent combination of low noise performance for a wider frequency
range, high gain and high output power [10].

Also as a recommendation from the manufacturer, we will design the recommended PCB Pad

Layout dimensions for this transistor given on data sheet, as shown in Fig. 13.

130
-

(0.051)

oraIN [ T| [ T] source = n

)
20
LI — (0.079)
(0.0249)

INIELL: n n_L

SOURCE

4Px

Fig. 13. Pin connections and recommended PCB pad Layout for the transistor.

3.2.1 DC-bias point for the transistor

In order to get the right performance of the transistor (ATF-34143), we will choose a proper
DC-bias point for it. And by checking the available Drain-Source Voltage (Vps) and Drain-

Source Current (Ips) for different scattering parameters given on data sheet, as follow

Vps =3V, Ips=20 mA
Vps =3V, Ips =40 mA
Vbs=4V, Ips =40 mA
Vps =4V, Ips= 60 mA

Where, it was necessary to apply the condition for unconditional stability on S-parameters for

Vps =4V and Ips = 40 mA, the Rollet’s factor (K) was more than one at the design frequency

of 5 GHz. Thus, we chose Vps = 4V and Ips = 40 mA as DC- bias point for the transistor.
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Fig. 14. shows the circuit for the transistor to find the proper DC-bias point of the voltage Gate-

Source (Vas).

%ﬂ PARAMETER SWEEP I |€E§|DCI
=

Sweep1
SweepVar="vG5"
SimInstanceName[1
SimInstanceName[2
SimInstanceName[3;
SimInstanceNamel4
SimInstanceName(5)
SimInstanceName[6]
Start=0

Stop=-6.5

Step=0.01

D1

1
="Sweep2"
1
1

|§m PARAMETER SWEEP I

ParamSweep

Sweep2

SweepVar="VD3"
SiminstanceName[1]="DC2"
SimInstanceName[2]=
SiminstanceName[3]=
SiminstanceName[4]=
SimInstanceName[5]=
SimInstanceName[6]=
Start=VDS_Start
Stop=VDS_Stop
Step=VDS_Step

VAR VAR
|$ |DC I m VAR Lo VAR2
VDS_Start=0 vDs=0V
DCH DC2 VDS_Siop=5 Ves =0V
SweepVar="VGS" SweepVar="VDS" VDS_Step=0.1
Start=VGS Start  Start=VDS_Start
Slop=vGS_Stop Slop=¥DS_Stop
Step=VGS_Step Step=VDS_Step
ebe
DS
34
V_DC $ v.ooC
+] sre +| sres ATF34143
=Vde=VDS =Vde=VGS x1

Il

Fig. 14. DC-bias circuit for the transistor ATF-34143.

After doing the simulation of the DC-bias circuit to get the proper Voltage Gate-Source (Ves)

of the transistor, we got -0.54 V as the proper value. As shown in Fig. 15.

m5
VDS=4.000
DC.IDS.i=0.041
VGS=-0.540
ADS 80
60—
<
E
Ug) 40—
o i
[m)]
20—
0 I I I I I I I I
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
VDS

Fig. 15. Simulated Ips — Vps from the ATF-34143 transistor.
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3.3 Selection of the DC-blocking capacitor

In order to get a proper capacitor for DC blocking and coupling, it is necessary to consider
typical requirements like capacitance, tolerance and voltage rating at the design frequency.
Thus, there is a suitable capacitor model TDK (multilayer ceramic chip capacitor) to covers all
these requirements. The 100 nF capacitor will be used in this project, with
(TDK_C1608X8R1E104K080AA) taken as a reference model.

3.4 DC-bias circuit for the transistor

To perform the DC-bias circuit for the transistor amplifier, it is convenient to use a quarter-
wave transmission line at the fundamental frequency to be able to do the connection between
the Drain of the transistor and the DC-supply, similarly for the Gate of the transistor. This
quarter-wave has the advantage of being as an open circuit at the fundamental frequency [11].
This advantage is important in order to avoid that the RF-signal goes to the DC-supply, also to
strengthen this design at the end of the quarter-wave, we will be placed a radial resonator stub

to guarantee a short-circuit.

As we can see in Fig. 16. An example of a circuit to place the quarter-wave transformer as a

part of the DC-bias network for the transistor.

M4@f, Matching
network

(f)

50W

Fig. 16. Quarter-wave short circuit stub [11].
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3.4.1 Design of microstrip radial resonator

Since this radial resonator needs to generate an RF-short circuit at the end of the quarter-wave
transformer. Thus, it will be designed to work at 5 GHz and to achieve this requirement, this

radial will depend on three dimensions like its width, length, and angle. As shown in Fig. 17.

£

S-PARAMETERS I

MRSTUB
S_Param Stub1
SP1 Subst="MSub1"
Start=1 GHz Wi=0.428 mm
Stop=9 GHz L=5.286 mm {t}
Step=1.0 MHz Angle=60 {{}
DA_MRStub1_Rad
MSub v DA_MRStub
Subst="MSub1"
MSUB t F=5 GHz Term
MSub1 Xin=0 Ohm > | Term1 4 Term
H=0.4 mm Cin=0 pF g Num=1 g Term2
Er=4.21 Lin=0 nH Z=50 Ohm Num=2
Mur=1 W=0mm L Z=50 Ohm
Cond=1.0E+50 Z=50 Ohm =
Hu=1.0e+033 mm  Angle=60
T=35um Delta=0 mm Zn
TanD=0.02 Zin
Rough=0 mm Zind
32:2‘;;: = Zini=zin($11,PortZ1) =

Fig. 17. The design circuit for the radial resonator.

As we can see in Fig. 18 the impedance obtained from the simulation of the radial circuit is -
68.558 dB.

m1
freq=5.000GHz
dB(Zin1)=-68.558
Min

dB(Zin1)
S
x

freq, GHz

Fig. 18. Impedance response from the radial resonator.
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3.4.2 Design of microstrip RF choke

Working at high frequencies, it is necessary to use an RF-choke circuit that is used to suppress
the AC signals while passing the DC signal. Ideally, it is an inductor with infinite inductance
value and low resistance [12].

To perform this RF-choke circuit for biasing the transistor, it is suitable to add a small
transmission line (MTaper) to link the Gate and Drain paths of the transistor, in order to have
more flexibility at the time when we will make the manufacture of the amplifier, and also to
consider into RF-choke circuit. Therefore, to be able to connect the Gate and Drain paths of
the transistor to the DC-supply, this RF choke is used for this purpose by using quarter-wave
transformer between those terminals of the transistor and the DC supply. The quarter-wave
transformer is designed to work at high impedance with 0.4 mm of width to achieve an open
circuit while the RF-signal will go throughout the RF-signal path; then at the end of this quarter-
wave transmission line will be placed the radial resonator. Also, we added two transmission

lines to be able to connect the DC-supply for the transistor, as shown in Fig. 19.

(@R spraverers | RF - Signal Path
3_Param —
SP1 ~ | T
Start=2 GHz TOK_C1608X8R MTAPER
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b MLIN W1=1mm

Term
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Num=2

W=04mm
Z=50 Ohm

L=8.782810 mm

- Num=1
TDK_Netlist_Include Z=50 Ohm
TDK_Netlistinclude L

TDK 3 Term
Netlist Include 2 Term1
<

TL4 W2=0.7 mm
Subst="MSub1”  L=1.756 mm {-}

WM

1/4 Wavelength

MSUB
MSub1 p_MLIN gtRSTUB
ub1

H=0.4 mm L . . Subst="MSub1"
Er=4.21 Subst="MSub1” "6 459 mm
Mur=1 W=04 mm L=5.2865 mm
Cond=10E+50 L=2.5mm Angle=60
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T=35 um MLIN
TanD=0.02 L9
Rough=0 mm Subst="M3ub1"
Bbase= W=2 mm
Dpeaks= L=9 mm

1

I
TDK_C1608NPQ
C5
PartNo=C1608NP02A471J080AA
ToleranceData=Disable

Z=50 Ohm

DC - Signal Path

Fig. 19. RF-choke circuit.

Fig. 20 shows the results of this RF-choke circuit, where the forward transmission coefficient

(S21) is getting an attenuation of -0.132 dB for the RF-signal path, while the transmission (Saz1)
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gets an attenuation of -99.796 dB, which means if the RF-signal could reach this point, it will

act as a virtual ground or short-circuited.

m1 m2
freq=5.000GHz freq=5.000GHz
dB(S(2,1))=-0.132 dB(S(3,1))=-99.796

. 15
] m1
o]
-20—
o 40
QN
om B
hee) 60—
-80—
] 2
100 L L L L L L L

freq, GHz

Fig. 20. Results from the RF-Choke circuit.

3.5 Maximum-gain amplifier

3.5.1 Schematic design

Since we have the RF-choke circuit for the transistor. We will design the maximum-gain
amplifier by using the DC-bias network shown in Fig. 21. Also, we will use the S2P file to
simulate the transistor. But, we must first check the stability of the DC-bias network.

TOK | §| I
Nolist Includs S-PARAMETERS
8 Param
d

TOK Metist Include

TOK_Notistinclude 56
Start
Stap=
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\\\\\
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Fig. 21. DC-bias network for the maximum-gain amplifier.
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After doing the simulation of the DC-bias network, we obtained the stability factor, which is
given by Rollet’s condition (K) that is more than one (1.063), meaning also that the DC-bias
network is unconditionally stable to guarantee that both input and output reflection coefficients

must be less than one (|T;,] < 1, [T,y ] < 1) as well.

And, as we can see in Fig. 22. The source and load stability circles are outside of the Smith
chart, where we can assume that inside of the Smith chart is unconditionally stable region by

applying the requirements below

512521FL
Linl = |S —| <1
SIZSZIFS
I =S — <1
| Touel 22t 15T

Thus, we must satisfy that I';, and I's should be zero, regarding having [T, |=S11 and |T,,:|=S22
into above requirements. Therefore, we just need to analyze the absolute value of S11 and S,
where both reflection coefficients are giving less than one, which are satisfying the above
requirements, also, they are representing that the whole region inside of the Smith chart is

unconditionally stable.

/ - A - \\\\\
N

S_StabCircle1
L_StabCircle1

\\ /

indep(S_StabCircle1) (0.000 to 51.000) indep(L_StabCircle1) (0.000 to 51.000)

Fig. 22. Source and load stability circles.

S-parameters obtained from the simulation of the DC-bias network are given as follow

freq S(1,1) S(1,2) S(2,1) S(2,2)
5.000 GHz | 0.680/62.677 | 0.105/-77.153 | 2.616/-56.153 0.296 / 65.055
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Since the stability of the DC-bias network has been analyzed and the stable regions for Source
and Load have been located on the Smith chart,

We need to find the necessary reflection coefficients at the input and output of the DC-bias
network to get the maximum gain achievable by the transistor, where we must apply the
conjugate matching on the DC-bias network by applying the necessary equations given in
Subsection 2.4.3, where I;,, = Iy and I,,,; = I, as shown in Fig. 23.

m1 m2

freq=5.000GHz freq=5.000GHz
rS$=0.852/-70.180 rL=0.654 /-119.839

impedance = Z0 * (0.238 - j1.396 impedance = Z0 * (0.275 - j0.546

AT
\\
o \ //

freq (5.000GHz to 5.000GHz)

Fig. 23. Conjugate reflection coefficients.

Then, we can do the matching networks for the input and output of the DC-bias network by
taking up the conjugate reflection coefficients given by I'; and I, and place them in the center
of the Smith chart. ADS provide us an essential tool for this purpose that is SmithChart, where
at the same time it can generate ideal transmission lines with effective dielectric constants (&,)
at the characteristic impedance (50 Q). And, to be able to have these matching networks in

microstrip lines, they must be converted as length (mm) and width (mm) by using Linecal tools.

Then, to be able to connect the SMA terminals to the ports for the amplifier, we must add
characteristic transmission lines for the input and output. Also, it is better to add the MTEE
junction between the matching networks and the characteristic transmission lines for the ports.
After placing all these components on the design amplifier, it is convenient to do an adjustment
onto lengths of the matching networks to make sure that both conjugate coefficients I, and I

are placed in the center of the Smith chart.
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Thus, placing both conjugate coefficients in the center of the Smith chart, the overall transducer

power gain of the amplifier will be controlled by the Source and Load gains of the matching

networks.

Fig. 24 shows the full design for the amplifier to get the maximum gain by the transistor.
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Fig. 24. Maximum-gain amplifier.
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Since we have fixed the conjugate matching networks for the amplifier, and after doing the

simulation of it. We can notice that both conjugate coefficients I';, and I's are placed in the center

of the Smith chart. As shown in Fig. 25.

fre =5.000GHz
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Fig. 25. Conjugate reflections I} and Iz matched.

Fig. 26 shows the S-parameters from the simulation of the maximum-gain amplifier. Thus, the

maximum gain provided by the amplifier is 10.409 dB, where the forward coefficient Sy

reaches that maximum gain due to the conjugate matching. Also, we can see that both reflection

coefficients Si1and Sy, are matching the amplifier at the fundamental frequency.
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Fig. 26. S-Parameters from the maximum-gain amplifier.
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3.5.2 EM-cosimulation design

Design of a Low-Noise Amplifier for Radar Application in the 5 GHz Frequency Band

Since we have completed with the schematic design and simulation of the maximum-gain

amplifier, it was also suitable to do the EM-Cosimulation for the amplifier, in order to have

more accurate results as compared to the schematic results. Since the amplifier is generated in

a real layout to be able to simulate it. Thus, all components were placed again on this layout.

As shown in Fig. 27.

Fig. 27. Layout generated for the maximum-gain amplifier.

Fig. 28. shows the results obtained from EM-cosimulation of the layout generated for the

maximum-gain amplifier, where the maximum gain achieved is 10 dB by the forward

coefficient Sz1, while S11is -17.063 dB and Sz is -22.148 dB
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Fig. 28. EM-cosimulation results from the maximum-gain amplifier.
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3.6 Minimum-noise amplifier

3.6.1 Schematic design

For this design, we will choose the same transistor due to it is ideal for minimum noise and high
linearity behavior. Since we have changed the tan § parameter, the DC-bias network for the
minimum-noise amplifier will be a little different from the DC-bias network for the maximum-
gain amplifier, regarding the dimensions of the radial resonator and the quarter-wave
transformer. Thus, in this design, we will consider the new tan § (0.042) parameter to design
the whole minimum-noise amplifier. Therefore, the parameters characterized for the substrate

will be as follow

€ = 4.21
tand = 0.042

: Dielectric constant

; Loss tangent

As we can see in Fig. 29. the DC-bias network for the minimum-noise amplifier has been

designed.
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Fig. 29. DC bias network for the minimum-noise amplifier.
After doing the simulation of the DC-bias network for the minimum-noise amplifier, the

stability factor given by Rollet’s condition (K) is unconditionally stable due to k = 1.051. Then,

we can do the matching networks for the transistor. Thus, in order to achieve the minimum

28



Javier Alvaro Rivera Suafia Design of a Low-Noise Amplifier for Radar Application in the 5 GHz Frequency Band

noise at the input of the transistor, we must set up Iy = Iy, as we discussed in subsection
2.4.4, where ADS provide this optimum reflection coefficient as Sept

And to be able to get the maximum gain achievable at the output of the transistor, it is necessary
to satisfy I,,,; = I;", which is given by

512521Sopt >*

Toue = | S

As we can see in Fig. 30. both reflection coefficients Sopt and I;* have been measured.

m1 m2

freq=5.000GHz freq=5.000GHz

Sopt=0.490 / -120.668 Gamma_L=0.441/-73.509
impedance = Z0 * (0.437 - j0.485) |mpedance = Z0 * (0.853 - j0.896

ms-ammaiL=conj(S(2,2)+((S(1 ,2)*S(2,1)*Sopt)/(1-(S(1,1)*Sopt))))

- \\
(L
ECL
EQ /
©
0]
m1 m2 /
£ X

freq (5.000GHz to 5.000GHz)

Fig. 30. Optimum and conjugate coefficients for the minimum-noise amplifier.

Since we have both reflection coefficient Soptand I7*, we will match the amplifier by using the
Smith Chart tool of ADS, since they will be in ideal transmission lines, we will convert them

into microstrip lines by using LineCal tool.

where it will be also necessary to add two characteristic transmission lines (50 Q) at the input
and output for the minimum-noise amplifier, in order to make the connection of SMA terminal.
Then, an adjustment will be needed in the whole amplifier in order to avoid mismatch of the

matching networks.
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Fig. 31. Minimum-noise amplifier.
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After the matching networks were fixed for the minimum-noise amplifier, we can notice that

Sopt and I7" are placed in the center of the Smith chart, see Fig. 32.

m1 m2

freq=5.000GHz freq=5.000GHz.

[Sopt=3.401E-4 / 134.926 (Gamma_L=2.165E-4 / -42.141
=Z0*(1.000 + j4.814E-4, impedance = Z0 * (1.000 - j2.906E-4

1 m2
4 £ 2

NS AN

freq (5.000GHz to 5.000GHz) freq (5.000GHz to 5.000GHz)

DR

(AN~

Gamma_L

Fig. 32. Reflection coefficients matched for the minimum-noise amplifier.

Fig. 33. shows the results from the simulation of the minimum-noise amplifier, where the
forward coefficient Sz: is 7.769 dB, while, both reflection coefficients S,,, and I;" are well
matched to get the minimum noise at the input and maximum gain at the output of the amplifier.
Also, we can see that the input reflection coefficient Si11 is not matched at all; this behavior of

Su1 is usual since we are matching the optimum coefficient S, at the input of the transistor

instead of Si1.
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Fig. 33. S-parameters results from the minimum-noise amplifier.
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Since this minimum-noise amplifier will be placed at the first stage of the cascaded amplifier,
thus, the entire noise figure (NF) of the cascaded amplifier will be dominated by the first stage
as we discussed in Subsection 2.4.5

As we can see in Fig. 34. The simulation of the minimum-noise amplifier is getting a noise
figure of 1.217 dB since the matching network has been performed to get the minimum noise
at the input of the amplifier, also the specific noise figure “nf(2)” provided by ADS is reaching
this minimum noise.

m1 m2
freq=5.000GHZz freq=5.000GHZ|
NFmin=1.217 nf(2)=1.217

nf(2)

NFmin

freq, GHz

Fig. 34. Noise figure achieved from the amplifier.

3.6.2 EM-cosimulation design

To be able to have more accurate results from the minimum-noise amplifier, we performed the
EM-cosimulation of it, in order to consider the schematic and electromagnetic simulations.

Fig. 35 shows the layout for the minimum-noise amplifier.

Fig. 35. Layout for the minimum-noise amplifier.
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As we can see in Fig. 36. the EM-cosimulation results from the minimum-noise amplifier,

where the optimum coefficient S,,,,, is -18.561 dB of attenuation, while Sz is -15.303 dB, thus,

with these values, we are satisfying the necessary requirements to get the minimum noise from

the amplifier.

Nevertheless, we got 7.942 dB gain, which is quite lower as compared to the maximum-gain

amplifier.
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Fig. 36. EM-cosimulation results from the minimum-noise amplifier.

33



Javier Alvaro Rivera Suafia Design of a Low-Noise Amplifier for Radar Application in the 5 GHz Frequency Band

3.7 Design of two-stage LNA

To carry out this part of the project, it will be designed just as a software design, since the

substrate used to make the manufacture of the amplifiers has a tan § more than a usual substrate.

3.7.1 First stage

Since we have designed each amplifier separately, in this step we will design a cascaded LNA
in asingle circuit. For this purpose, we will take the DC-bias networks from the previous design,
in order to obtain the coefficients of S,,, and I} for this first stage (minimum noise). As we
have discussed before this configuration of the DC-bias is unconditionally stable.

Therefore, after doing the simulation of this DC-bias network, we can obtain the necessary
coefficients to do the matching networks, which are given as follow

Sopt = 0.437 — j0.485
I; = 0.853 — j0.896

3.7.2 Second stage

To be able to have the second stage of the cascaded amplifier working in maximum gain, it is
necessary to apply the conjugate matching coefficients discussed in subsection 2.4.3, regarding
having I}, =TIy and T, = I}, since the DC-bias network is unconditionally stable as well,
we can obtain these conjugate coefficients by fixing the conjugate equations in ADS, which are

given as follow

Iy =0.285 — j1.369
I} = 0.331 — j0.557

3.7.3 Intermediate matching network

Since we have both DC-bias networks for the minimum noise and maximum-gain amplifier. In
order to do the matching network between those amplifiers. We will take the output conjugate
coefficient from the minimum-noise amplifier that is 0.853-j0.896 and the input conjugate
coefficient from the maximum-gain amplifier, which is 0.285-j1.369, thus, we can do the

matching network for those coefficients by using the Smith chart tools of ADS. And making
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sure that one of those coefficients should be conjugated again in order to have the correct
intermediate matching network. As shown in Fig. 37.

Freq (GHz) 20 {Ohms) Current
5 50 ] Normalize (234l

[ Define Source/Load Network Terminations. . ]

£9.619 Dsg

eeeee

Fig. 37. Intermediate matching coefficients for the cascaded LNA.

Once we have completed with the intermediate matching coefficient, we must convert it into
microstrip transmission lines.

As we can see in Fig. 38 the intermediate matching network has been converted into microstrip
transmission lines.

Gamma_L: s
0.853-j0.896 0.285-j1.369
< C 1 L 1 O
Min_Noise_Network MLIN Max_Gain_Network
Num=1 TL23 Num=2
E_ADS Subst="MSub1"
W=0.780492 mm
st="MSub1" L=10.68 mm {t}

W1F0.780492 mm
W2E0.780482 mm
W3F0.780492 mm

MLOC

TL19
Subst="MSub1"
W=0.780432 mm
L=1.6 mm {t}

Fig. 38. Intermediate-matching network for the cascaded LNA.

3.7.4 Design of matching networks for the cascaded LNA

After fixing the intermediate matching network, we can match the input and output of the
cascaded LNA, since we have the input coefficients, which is given by Sopt = 0.437-j0.485 (first
stage) and I = 0.331-j0.557 (second stage). Thus, we placed both coefficients to the center of
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the Smith chart. Where it was also necessary to do an adjustment in the whole amplifier since
we added two characteristic transmission lines for the SMA terminals.

As we can see in Fig. 39 all matching networks have been designed.
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Fig. 39. Cascaded LNA.

Therefore, we can see in Fig. 40 that the matching networks are placing the coefficients S,,;
and I to the center of the Smith chart.
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Fig. 40. Input and output coefficients matched.
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Fig. 41 shows the results from the simulation of the cascaded LNA, where S»1 is 14.961 dB of
gain, also the optimum coefficient is -71 dB of attenuation and the output reflection coefficient
S22is-70 dB as well.
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Fig. 41. Schematic results from the cascaded LNA.

Since the first stage from the cascaded LNA is designed to get the minimum noise, we can see
that the overall noise figure is covered by the first stage, which is 1.293 dB of noise figure. As

shown in Fig. 42.

m6 m7
freq=5.000GHZ [freq=5.000GHZ
nf(2)=1.293 NFmin=1.293

nf(2)

NFmin

20 25 30 35 40 45 50 55 60 65 70
freq, GHz

Fig. 42. Minimum-noise achieved from the cascaded LNA.
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3.7.5 EM-cosimulation for the cascaded LNA.
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In order to have more accurate results from the cascaded LNA, we performed the EM-

cosimulation of it.

Fig. 43 shows the layout for the cascaded LNA.

Fig. 43. Layout generated for the cascaded LNA.

Fig. 44 shows the results from the EM-cosimulation for the cascaded LNA.
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Fig. 44. EM-cosimulation results from the cascaded LNA.

38



Javier Alvaro Rivera Suafia Design of a Low-Noise Amplifier for Radar Application in the 5 GHz Frequency Band

4 Manufacturing

Since we have the layout of the amplifiers and the resonator design (characterization of the
substrate), we performed the manufacture of them by using the insulator technique, following

the below steps.

4.1 Insulator technique

To be able to make the amplifiers, it was necessary to export them to the Gerber format
in ADS. In order to print them on a transparency film for laser printers. As shown in
Fig. 45.

Fig. 45. Transparency film printed with the amplifier design.

= Since we have the transparency film of the amplifiers, they were exposed inside the
insulator with the substrate for 160 seconds.

= Then a Positive-Type Board Developer concentration was used in order to check the
design of the amplifier in the substrate.

= Finally, all components were placed on top of the substrate characterized with the

soldering tin. Then the substrate was placed inside the programmable desktop reflow

oven for 15 minutes to achieve 210 °C of temperature. As shown in Fig. 46.

A

¢

Fig. 46. Programmable desktop reflow oven.
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5 Measurements

5.1 Measurements equipment

5.1.1 EB8363B network analyzer

To perform the measurements of the circuits designed, we used the E8363B Vector Network
Analyzer (VNA) in order to compare these results with the EM-cosimulation results. The

measured results have saved as S2P file to be able to represent them in ADS.

Fig. 47. Vector Network Analyzer E8363B.

5.1.2 N4693A electronic calibration module

The calibration of the VNA was done by using the N4693A electronic calibration module (see
Fig. 48), in order to measure the amplifiers over the desired range of frequency (2 GHz to 12
GHz). This operation was done with a simple one-connection operation to the module, which

offers excellent accuracy without spending the time to calibrate the VNA.

! CAUTION:
| +10V DC/+10dBm MAX
| AVOID STATIC DISCHARGE

Fig. 48. Electronic calibration module N4693A.
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5.2 Maximum-gain amplifier

Fig. 49. shows the comparison between the EM-cosimulation results and VNA measurements,
where the forward coefficient S,1 measured is 7.629 dB. Nevertheless, the reflection
coefficients S11 measured is -22.888 dB, which is even better than the EM-cosimulation result,
also Sz2 measured is -17.021 dB. Thus, with these results obtained to get the maximum gain of
the amplifier, we can see that doing the EM-cosimulation, we will get more accurate results

that is going to look like VNA measurement.
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Fig. 49. Comparison between the EM-cosimulation results and VNA measurements.

5.3 Minimum-noise amplifier

Fig. 50. shows the comparison between the EM-cosimulation and VNA results, as we can see
on it, the forward transmission coefficients Sz1 from the VNA measurement is 6.589 dB, which

is lower than the EM-cosimulation result that was 7.942 dB, while the input reflection
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coefficient (S11) measured is -3.745 dB; since we designed this amplifier to get the minimum
noise achievable by the amplifier, this input coefficient (S11) will not be matched at all.

On the other side, the output reflection coefficient (S22) measured is -13.163 dB that is matched
well the amplifier, since we did the matching networks to get the maximum gain at the output
of the amplifier.

Therefore, the comparison between the EM-cosimulation and VNA measurement have been

done.
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Fig. 50. Comparison between the EM-cosimulation results and VNA measurements.

5.4 Minimum noise and maximum-gain amplifier

To be able to do the measurement of the two amplifiers designed, it was necessary to use an
attenuator of 3 dB, since we have noticed from the schematic simulation results that at lower
frequencies from the fundamental frequency (5 GHz), the input reflection coefficient (S11) was

reflecting the RF-signal, this phenomenon is given by the transistor; since the stability condition
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is frequency dependent, thus, at lower frequencies our DC-bias networks are not

unconditionally stable.

Fig. 51. shows the measurements from the minimum noise and maximum-gain amplifiers,
setting up in cascaded, where the forward transmission coefficient (S21) measured is 9.425 dB,
but taken into consideration the attenuator value of 3 dB, thus, we are getting 12.425 dB of
gain.

Since the first amplifier was designed to get the minimum noise, the input reflection coefficient
(S11) of the cascaded amplifier is -3.581 dB, also, as we discussed in subsection 2.4.4 the first
stage amplifier will dominate the noise figure for the two amplifiers, regarding Friis s equation.
And, the output reflection coefficient (S22) from the cascaded amplifier is -17.247 dB which is
matching well the amplifier, since we did the conjugate matching at the output for the
maximum-gain amplifier.

Then, in order to get the minimum noise figure achieved from the cascaded amplifiers, we did

the EM-cosimulation, where it was 1.35 dB of noise figure.
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Fig. 51. VNA measurement of the two-stage amplifier.
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6 Discussion

Characterization of the substrate

We performed the characterization to have accurate values of the relative dielectric constant
(e,) and tan§ of the substrate. We noticed that there are differences between parameters
provided by the manufacturer and the real parameters. Where these parameters are really
important is at the time when we are designing an application with active components because
the dielectric constant has a relationship with the design frequency, thus, if we wrongly take
this parameter, our expected result will be shifted in frequency, meaning also bad attenuation
of the reflection coefficients. And on the other hand, the tan 6 is more related to the gain. Since
the thickness (H) of the substrate used in this project was really thin, it does not mean that it is

better than the usual substrate, as we have seen in our amplifier design.

Table 1. Parameters characterized for the substrate.

Parameter | Manufacturer | Characterization
€ 4.4 4.21
H 0.4 mm 0.4 mm
tan 6 0.02 0.042
T 35 um 35 um

Maximum-gain amplifier

At the beginning of this amplifier design, we considered the new relative dielectric constant
(e,) for the substrate, since our results were not shifted to the design frequency, but the tan §
(0.02) used to design it was wrong, which affected the gain of the amplifier, since, in the
schematic and EM-cosimulation results, we obtained 10 dB gain, while from the VNA
measurements was 7.629 dB. And for the input and output reflection measured, we obtained
more than 15 dB of attenuation, which implies that the matching networks were well designed.
Also, the bandwidth achieved for this amplifier was around 295 MHz, which was taken from

the S11 reflection coefficient at 10 dB of attenuation.
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Table 2. S-parameters obtained from the maximum-gain amplifier.

S-parameters | Schematic (dB) | Cosimulation (dB) | VNA (dB)
S21 10.409 10.009 7.629
S12 -17.544 -17.512 -16.824
S11 -71.895 -17.063 -22.888
S22 -72.105 -22.148 -17.021

Minimum-noise amplifier

To design this minimum-noise amplifier, we used the tan § (0.042) characterized, where the
gain measured was 6.589 dB also the coefficient S11 measured was -3.745 dB, which seems like
is not matching well the amplifier, because instead to use this coefficient Si1, the optimum
coefficient Sopt Was taken into account in order to have the minimum noise figure at the input

of this amplifier.

Thus, the minimum noise figure achieved from the simulation of this amplifier was 1.217 dB,
which is a little bit more than the expected results, which was less than 1 dB, it is clear the
substrate used to make the amplifier is affecting the expected results, nevertheless we will
measure both amplifiers characterized in order to get the gain and noise figure of the cascaded
LNA.

Table 3. S-parameters obtained from the minimum-noise amplifier.

S-parameters | Schematic (dB) | Cosimulation (dB) | VNA (dB)
S21 7.769 7.942 6.589
S12 -20.184 -19.788 -18.370
Sopt -69.367 -18.559
S22 -714.241 -15.303 -13.163
S11 -5.068 -5.200 -3.745

Measurement of both amplifiers designed
Before to do the measurements of the amplifiers, it must be stated that at lower frequencies both
amplifier have unwanted signals (reflections) on input reflection coefficient Si1, which is

clearly seen in Fig. 26 and Fig. 33, this behavior was due to the stability condition which is
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frequency dependent, thus, the testing for unconditional stability given by Rollet’s condition
(K) at those frequencies are less than one, therefore, the amplifiers are unstable at those lower
frequencies.

Since we got unwanted signals at frequencies lower than the fundamental frequency (simulation
results), we used an attenuator of 3 dB, to be able to measure both amplifiers, where the gain
obtained considering also the attenuator value was 12.425 dB, also it is clear that the first stage
is dominating the whole system, because S11 remains as the previous measurement of the single
minimum-noise amplifier, where the minimum noise figure achieved was 1.35 dB, which was

getting from the EM-cosimulation of the two-stage amplifier designed.

Table 4. S-parameters obtained from the two stage amplifiers.

S-parameters | VNA (dB)
S21 9.425
S12 -39.897
S11 -3.581
S22 -17.247

Design of a Cascaded LNA

Cascaded LNA was performed in order to compare with the amplifiers manufactured (minimum
noise and maximum gain), but this cascaded LNA was done just as in the software design and
as asingle design. As we notice in Table 5. The gain obtained for this cascaded LNA is reaching
16.366 dB, while S11 remains at -3.836 dB, where Sopt is well matched to get the minimum noise

at the input of the amplifier, also the output coefficient Sz, is well matched.

Table 5. EM-cosimulation results from the cascaded amplifier

S-parameters | Schematic (dB) | EM-Cosimulation (dB)
S21 14.961 16.366
S12 -40.945 -39.426
Sopt -71.034 -19.544
S22 -70.757 -11.870
S11 -2.897 -3.836
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Gain compression.

To carry out this measurement to find the 1 dB gain compression from the amplifier
manufactured (maximum gain). We used the VNA to generate a sweep of power in it, thus, this
power was introduced to the input of the amplifier. Where we got for input power at 8.5 dBm
the gain of the amplifier, which was 7.629 dB gain, it reduced in 1 dB gain, therefore the gain
compression occurred at 8.5 dBm of input power, thus, the output power from the amplifier
will be at 16.229 dBm.
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7 Conclusions

Minimum noise and maximum gain amplifiers have been designed and manufactured by using
the ATF-34143 transistor in an unconditionally stable region at 5 GHz. Setting up in a cascaded
the minimum noise and maximum-gain amplifier provided a noise figure of 1.35 dB and 12.425
dB gain at the fundamental frequency.

With these results, we could not cover the goal fixed at the beginning of this project due to the
gain is less than the expected result (more than 20 dB) and the minimum noise figure achieved
was 1.35 dB, which is more than the expected result (less than 1dB). Nevertheless, the gain and
noise figure characterized are acceptable, since more commercial LNA for radar applications
have more than 20 dB gain with a noise figure around 1.3 dB to 1.7 dB. Also, we have to
consider that to develop this project, we used cheaper components like the transistor and the

substrate, which also influenced with the results obtained.

In a future work, in these kinds of applications could be done better by using suitable
components, of which one of them should be the substrate, nowadays, there is available the
Rogers substrate (RO4003) with a tan § parameter of 0.001 given by the manufacturer. Also,
to avoid unwanted signals close to the fundamental design frequency, it is convenient to place

a band pass filter in order to have just the desired range of frequency.
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Appendix A

Measurement of S-parameters for the maximum-gain amplifier.

As we can see in Fig. Al. The maximum-gain amplifier was measured by using the VNA with
a suitable DC supply for the transistor (ATF-34143). And to carried out this process, it was
necessary to calibrate the VNA in order to have the desired range of frequency. The power DC

supply (3631A) was used to bias the transistor with an accurate DC supply.

Fig. Al. Measurements of the maximum-gain amplifier.

Fig. A2. Shows the S-parameters obtained from the maximum-gain amplifier.

Fig. A2. S-parameters from the maximum-gain amplifier.

Fig. A3 shows the amplifiers manufactured and the resonator circuit to characterize the

substrate.

Fig. A3. Circuits characterized.
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