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ABSTRACT

The problem with the power amplifiers is that raising the gain and output power may affect the
other amplifier factors specially in the frequency ultra-band. This paper presents a CMOS power
amplifier (PA) for Ultra-Wideband (UWB) applications in 2.2 to 5 GHz using two stages of common
source topology with derivative superposition (DS) method. Simulation results show an average power
gain of27.2 dB with an input 1dB compression point (1dB-CP) of -14.6 dBm at 3.2 GHz and an output
1dB compression point (1dB-CP) 12.9 dBm. With an input power of 83.8 mW, from a 1.8 V supply,
power added efficiency (PAE) is 47.5% at 3.2 GHz with 50Q2 load impedance and stability factor is 7.2 at
3.2GHz. The proposed design has been simulated using TSMC 0.18um technology. The important
parameters that define an RF Power Amplifier are: Output Power, Gain, Linearity, Stability, DC supply
voltage, Efficiency, Ruggedness. The design results showed high power output without affecting the other
amplifier factors. A comparison with the previous research has been done and the comparison is clearly in
favor of the present design.

Keywords:Ultra-Wideband (UWB), Power amplifier (PA), Derivative Superposition (DS) Method,
Common Source Power Amplifier.

would lead to smaller size, lower power
consuming and greater performance. The Radio
Frequency (RF) power amplifier (PA) is a type
of electronic amplifier used to convert a low-
power radio-frequency signal into a larger signal
of significant power, typically for driving the
antenna of a transmitter.

1. INTRODUCTION:

The goal of this research is to design
Power Amplifier in an integrated circuit. It is
focused on RF Power Amplifier design in 2.2 to

5 GHz frequency band which is suitable for
using for Ultra-Wideband (UWB) wireless
communication system, In order to keep pace
new competitive communication technology.
Many of today’s communication devices,
especially mobile devices, require high
performance, low power consumption ICs to
insure steady connectivity and longer battery
life. The development of digital devices goes
from small to smaller, which needs minimizing
the sizes of ICs as possible. One of the best ways
to meet this is by fully integrating the
communication circuit in one single chip. This

The RF power amplifier plays an important role
in RF systems. It is used as a final stage of a
transmitter to provide signal power to a
transmitting antenna. The basic techniques for
RF power amplification can use classes as A, B,
C, D, E, and F. The RF Output Power can range
from a few mW to MW, depending on
applications. Most important parameters that
define an RF Power Amplifier are: Output
Power, Gain, Linearity, Stability, DC supply
voltage, Efficiency, Ruggedness.The values of
these parameters are high or low depending on
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the applications that uses the RF-PA such as
ultra-wideband (UWB) [1]. Figure 1 presents the
block diagram of the general RF transceiver. The
problem with the power amplifiers is that raising
the gain and output power may affect the other
amplifier factors specially in the frequency ultra-
band.

This paper introduces the design and
simulation of common source wide band power
amplifier. Also, it presents and simulates the
Common Source Power Amplifier with
derivative superposition (CS PA with DS) design
method. The present design is done in the band
(2.2 — 5.0) GHz. Most important parameters that
define an RF Power Amplifier are: Output
Power, Gain, Linearity, Stability, DC supply
voltage, Efficiency, Ruggedness. This paper
presents these factors as well as the different

Image

classes of power amplifier. The present design
results showed high power output without
affecting the other amplifier factors. A
comparison with the previous research has been
done and it shows that the paper results are much
better than the results of these research works.
The paper has 6 sections. Section (1) is an
introduction and section (2) depicts some of the
literature review about the topic and section (3)
illustrates the simulation of the RF-PA including
the common source power amplifier and the
common source power amplifier with derivative
superposition (CS PA with DS) design method.
Section (4) presents the simulation results for
both the cases. Section (5) givesa comparison
with the previous work, andsection (6) gives
some conclusions.A list of the used references
is given at the end of the paper.
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Fig.1. Block diagram of the general RF transceiver[2]

2. A LITERATURE REVIEW

Many topologies have been used in the
implementation of these UWB power amplifiers.
These topologies include the common source
(CS) inductive degeneration, the derivative
superposition [3] and the cascaded common
source (CS) structure [4]. Normally, the design
requirements of the amplifier such as bandwidth,
gain, PAE and linearity basically determine the
most suitable configurations. In this section, a
brief summary of the properties of these
topologies is given.

Yileiet. al. offered two-stage of derivative
superposition get high gain and good linearity
but poor power added efficiency.[3]. Wong et.
al. offered a two-stage cascaded common source
to get higher gain, good wide bandwidth, good
linearity and low power consumption but poor

power added efficiency.[4]. Alegre offered
common source power amplifier to get high gain
and good linearity but poor power added
efficiency.[5]. Vu et. al. offered two-stage
cascade common source power amplifier to get
high gain and high linearity but poor power
added efficiency.[6]. Mosalam offered two-stage
cascade common source power amplifier to get
good gain and good linearity but poor power
added efficiency[7].
3.RADIO FREQUENCY POWER
AMPLIFIER (RF-PA)
3.1. Design and Analysis of Common Source
Power Amplifier:

The design of the CS PA is done in two
stages: the first stage consists of two transistors
connected as cascode common source and a
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biasing circuit. The RF signal input to the first
stage with V,, and the output of the first stage is
the input of the second stage.The second stage
consists of one transistor connected as simple

Voo

1

Cascode

Ca:

common source and biasing circuit. The input of
the second stage is the output of the first stage
with V. We get the total output signal from the

second stage
Voo

Simple

common
source

RFue—=—3¢

First stage

Common
source

%‘!v:!

Second stage

Fig.2. of the two- The block diagram stage UWB CS PA

The first stage consists of a current mirror
for biasing (MC1) and a cascade common source
to get high gain. The biasing circuit is a current
mirror with the width is about 6um. Elements
R1, R2, Lsl1 are used for linearity and stability.
About “180pH” Lgl is needed forimpedance
matching and about “180pH” Ld1 is used as a
shunt peaking inductor. C1, C2, C3 are usedfor
RF shunting. The main transistor M1 in the first
stage amplifies the signal. To calculate the size
of the transistor M1, the following equation is
used:

Ipp = 0.5p,Coy (V651 - Vt) (1)

where Vg5, = 0.8V ,V, =05V,
ty = 0.03903 m?/V—s , and C,, =
0.00946 F/m?, for a typical 0.18um silicon
CMOS process.The requisite trans-conductance
(gm1)can be additionally determinedby the next
equation [8]:

ol 1
Im1 =ﬁ=2[ Un oxL](VGSl_Vt) (2)

Reorganizing (1) to be

\/IDD/[O-sunCox %]

(VGS1 - Vt) =

and replacing it into

equation (2),
simplified to:

Im1 = 2\/0-5ﬂncox¥1DD = \/IB'IDD (3)

wheref = 0-5ﬂnCox¥ is well-known as trans-

conductance parameter. The width of M1 is
found to be about 184 um and the width of Mb is
found to be about 80 pum.

the equation for g,,; can be

The second stage consists of a current mirror
for biasing and a simple common source without
cascade to get high gain as shown in figure 3.
This PA gives a total dc power of 77.22mW
from a 1.8V dc supply and total drain current of
about 42.9mA. This stage has a biasing circuit of
MC2 current mirror with a width of about
“6um”. The elements R3, R4,Ls2 are used for
linearity and stability enhance. About “180pH”
Ld2 is used as a shunt peaking inductor. C4, C5
are used to RF shunting, and M2 is the main
transistor in second stage that amplifies the
signal using equations (1-3) to determine the
width of about 184um. The elements
Cin,Cint,Cout are used for dc blocking. Cadence
software has been used to design the circuit and
make the simulation.
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Fig.3.The circuit diagram of the two-st;ge CSPA

The equivalent circuit of the two stage CS
PA, with neglecting the biasing circuit, (the
biasing circuit in the first stage consists of (Mc;
current mirror ,R1, Ry, Ry, andCy), neglecting C;,
C,,Cs, used for shunting RF. The biasing circuit
in the second stage consists of (Mc, current
mirror, Rs, and Ra), neglecting Lgi, Ls1, La1, Ls2,
Lg2 as with very small resistant and neglecting
C4, Cs, used for shunting RF. Figure (4) shows
the equivalent circuit of the first stage of CS PA.

Ve Vout
8 Vst
ot
* Bt Vi
Vi
foo

Fig.4. Equivalent circuit of the first stage of CS PA

Vin = Vgsb (4)
Vour = _(Tob + rol)Vgslgml (5)
Vgslgml = Vgsbgmb (6)

_Vgsl = Vgsb =V

Ao = Vout — _(rob + rol)Vgslgml
Vi Vi Vi
Ayy = (rop + rol)gml (7)

Vout

Fig.5. Equivalent circuit of the second stage of CS PA

Vin = gs2 (8)

Vout = _Vgszgmzroz 9)
Vou —Vgs29maTo

Ay, = out = GRTR O = —Im2702 (10)

Vin Vin

Ayr = Ayq * Ay,
= (rob + rol)gml * (_gmzroz)
=_(Tob + To1)gm19m27”02 (11)

3.2. The Common Source Power Amplifier
with Derivative Superposition (CS PA with
DS):

Voo Voo

1

Simple
commen
source

RF..%—.— — 1
Derivative
Superposition
(D5)

Simple
common
S0Urce

First stage Second stage

Fig.6. The block diagram of the two-stage UWB PA with
DS
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The design of the UWB PA with DS is
done in two stages, the first stage consists of the
derivative superpositioncascode with simple
common source and a biasing circuit, the RF
signal input to the first stage with V,.The output
of the first stage is the input of the second stage.
The second stage consists of one transistor
connected as a simple common source and a
biasing circuit. The input of the second stage is
the output of the first stage with V. We get the
total output signal from the second stage.

The first stage consists of current mirror for
biasing, common source to get high gain and
derivative superposition method to get high
linearity. Second stage consists of current mirror
for biasing and simple common source to get the
high gain as shown infigure 7. This PA gives
total dc power 83.8mW from a 1.8V dc supply
and total drain current of about 46.6mA.

The first stage consists of biasing circuit (MC1
current mirror “width is about 6um”, R1, R2,
Ls1 “used for linearity and stability advance, it is
about 180pH”, Lgl (needed toimpedance
matching, it is about 180pH”, Ldl (used as a
shunt peaking inductor”, C1, C2, C3 (used for
RF shunting”, M1 (the main transistor in the first
stage that amplify the signal). To calculate the
size of transistor M1 the following equation is
used:

w
Ipp = O-SUncoxT(VGSI - Vt)z (12)

where Vig, =08V , V,=05V , pu,=
0.03903 m2/V —s, and C,, = 0.00946 F /m?,

for a typical -0.18 um silicon CMOS
process.The requisite trans-conductance
(gm1)can be additionally determinedby the next
equation [8]:

_ dlpp

Im1 =

1 w
=2 [E.uncox T] (V651 - Vt)

Vs -

(13)
Reorganization  (12) to (Vgs1 — V) =

\/IDD/[O.SHHCOXV—LV] and replacing into (13), the
equation for g,,,can be simplified to:

w
Im1 = ZJO-SﬂnCoxTIDD = \/IB-IDD

(14)

wheref = O.SunCox% is well-known as

trans-conductance parameter.

The width of M1 is determined as about 184 pum.
At finally, the first stage containing the
derivative superposition consists of two parallel
transistors (Ma and Mb) and a biasing circuit
(Ra, Rb, Ca, Ch, Va and Vb). Va is the voltage
that biases Ma in sub-threshold and Vb is the
voltage that biases Mb in a strong inversion
region [9].

The second stage consists of a biasing circuit
(MC2 current mirror “width is about 6um”, R3,
R4, Ls2 “used for linearity and stability enhance,
it is about 180pH”, Ld2 “used as a shunt peaking
inductor”, C4, C5 “used for RF shunting”, and
M2 “the main transistor in second stage that
amplifies the signal using equations (12-14) to
determine the width as about 184um”). Cin,
Cint,Cout are used for dc blocking.

I

Ca
1
1

.

La

Fig.7.The circuit diagram of the two-stage CS PA with DS
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Vout

The equivalent circuit of the two stage UWB PA
with DS , with neglecting the biasing circuit , 2 V2
(the biasing circuit in the first stage is consist of ’ i
(Mc: current mirror ,R;, R2,Ra, Ry, C,, andCy)),
neglecting C4, C,,Cs, as used to shunting RF .
(The biasing circuit in the second stage is consist
of (Mc, current mirror, Rz, and Ry), neglecting

Fig.9. the equivalent circuit of the second stage of UWB

Ca, Cs, as used to shunting RF and neglecting Vo —v PA with DS a7
Lg1, Ls1, La1, Lz, Ls, as with very small In ™ Tgs2
resistant.Figure (8) shows the equivalent circuit
of the first stage of UWB PA with DS. Vout = _Vgszg\r/nz Toz (18)
Tt n vout Ay, = ‘;o:lt _ gsi]f:’rrlnzroz = g 1, (19)
q % Ayt = Ayy * Ay,
= + ] =02, (_gmzroz) = _m (20)
e el $ $ (Foal/Tob) (Foa/ /Tob)
o 4. Simulation results:
J7 4.1. Simulation results for CS PA:
Fig.8. the equivalent circuit of the first stage of UWB PA 4.1.1. S parameters:
with DS The PA is designed using TSMC 0.18um
Vin = Vgsa + Vgsp (15) technology. The simulation is achieved using
Cadence and based on the device models
= —(Vysa9ma + VgsvGmp) Toal/ /Tob) provided by this technology. This PA operates at
Vout = —Vys20maToz 2.2 to 5GHz under 1.8V voltage supply. Figure

Vos20mz2 = VosaGma + Vaspd 10 shows the scattering functions S11, S21, S12,
95 VZZ geadma T "gsbImb and S22. Table 1 shows the value of scattering
Ayy = functions S11, S21, S12, and S22 at 3.2 GHz.

Vin
= ~Vgs2gmaToz Table 1 the value of scattering functions at 3.2 GHz
_(Vqsagma + Vgsbgmb)(roa//rob) Function Frequency Value
Ay = S11 32GHz |-1.3dB

(16) S12 3.2 GHz -46.5 dB

S21 3.2 GHz 15.5dB

S22 3.2 GHz -10.3dB

GrEBOBORT  ARUIKISE | e

Periodic §-Parameter Response ]

4 M3G.2GHz, -1.202dB)

: ] /L.zwz. 46.47dE)
=
d =

25 ///‘—\:‘—‘\1\1_
=Y / 1(3.2GHz, 15.63dE) ——

5T
z 7
=] 0G.2GHz, -10.11dB
5.0 T

T T T T
15 20 25 40 45 50

T
30 35
freq (GHz

Fig.10. the scattering functions S11, S21, S12, and S22

4.1.2. Stability analysis of the CS PA: The S-parameter simulation is used to
measure stability of the transistor by the stability
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factor (KF) where its value should be more than
one. Figure 11 shows a good value of the
stability factor (KF) is about 3.8 at 3.2GHz.
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Fig.11. Values of the stability factor (KF).

Figure 12 illustrates the relation between the
power added efficiency (PAE) and the input
power at 3.2GHz where the PAE equals 12%,
39.5%, 47%, at -10dBm, -5dBm, 0dBm. These
are good values of PAE.
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Fig.12. The power added efficiency (PAE) and input
power

4.1.3. Linearity of the CS PA:

The linearity is measured with 1dB
method shown in figure 13 for the input and in
figure 14 for the output. Input Referred 1dB is
about -4.7, Output Referred 1dB is about 14 at
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Fig.13. The Input Referred 1dB and input power
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Fig.14. The Output Referred 1dB and input power

4.2. Simulation results for CS PA with DS:
4.2.1 S parameter:

The PA is designed using TSMC 0.18um
technology. The simulation is achieved using
Cadence and based on the device models
provided by this technology. This PA operates at
2.2 to 5GHz under 1.8V voltage supply. Figure
15 shows the acattering functions S11, S12, S21,
S22 respectively. From the figure it is seen that
these functions have good values in the given
frequency range. Table 2 shows the value of
scattering functions at different frequencies.

Table 2. the value of scattering functions at different

frequency
Frequency | S11 S12 S21 S22
2.2 GHz -1.77 -66.7dB | 15.36 dB | -14.5
dB dB
3.2GHz -1.67 -50.7dB | 27.19dB | -2.6dB

dB

4.2 GHz -29dB | -51.5dB | 20.24dB | -6.5dB

5.0 GHz -3.1dB | -51.8dB | 16.2dB -9.5dB
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Fig.15.the scattering functions S11, S12, S21, and S22

4.2.2. Stability analysis of the CS PA with DS:
The S-parameter simulation is used to
measure stability of a transistor by the stability
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factor (KF) where its value should be more than
one. Figure 16 shows the stability factor (KF)
with a very good value of 7.2 at 3.2GHz.

KF

1 15 3 35 4 45 B
frequency (GHz)

Fig.16. Values of the stability factor (KF).

Figure 17 illustrates the relationship between the
power added efficiency (PAE) and the input
power at 3.2GHz where the PAE equals 43.5%,
47.5%, 48%, at -10dBm, -5dBm, 0dBm. This
shows good values to the PAE.

PAE

30 25 20 45 10 5 0 5 10
pin (d8m)

Fig.17. The Power added efficiency (PAE) and input
power

Figure 18 illustrates the relationship between the
power added efficiency (PAE) and input
frequency at input power -5dBm where the PAE
equals 40%, 46%, 47.5%,46.5% at 2.6GHz,
3GHz, 3.2GHz, 3.6GHz. This shows very good

values to the PAE.
PAE

TN

42 47

Fig.18. The Power added efficiency (PAE) and input
frequency
4.2.3. Linearity of the CS PA:
The linearity is measured with 1dB
method shown in figure 19. The Input Referred
1dB is about -14.6 and the Output Referred 1dB

is about 12.9 at 3.2GHz. Figure 20 and figure 21
show the Input Referred 1 dB and the Output
Referred 1 dB respectively. Notice that in figure
20, The Input Referred 1dB at input power -
5dBm and the Output Referred 1 dB at

1dBM

Input Referred 1d8 compression=-12 6

Referred 198 compression=129

= = pin(dEm}\? * *
Fig.19. The Input Referred 1dB at input power -5dBm

Input Referred 1dB compression

14 —_—

12 4
-10

il 45

Freq’uency (GH;)
Fig. 20. The Input Referred 1dB compression and
frequency

output Referred 1dB compression

3 35 4 4.5
frequency (GHz)

Fig.21. The Output Referred 1dB compression and frequency

5. A Comparison of Simulation Results with
the Previous Literature Work

In this paper, we present two different
designs of two stages UWB PA with different
performance. The simulation results of PA
discussed in section 4.1, 4.2 have the best
performance in terms of the 3 dB bandwidth,
matching, and power added efficiency, linearity
and output power. Table (3) shows the
performance summary of the two UWB PAs in
comparison to the recently published UWB
PA.In the second design the simulation result is
greater the simulation result for the first design
as using Derivative Supposition Method , that
lead to high gain ,high linearity, and high power
adding efficiency.
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6. CONCLUSIONS

Two designs of power amplifier have
been introduced. In the First design, a 0.18um
CMOS UWB PA for lower band UWB system
(2.2 to 5GHz) is simulated. By using a two-stage
CS, the simulated PA achieved a 15.63 dB gain
and up to a maximum of 39.6% power added
efficiency at 3.2 GHz using a 50 Q load
termination, while consuming only 77.3 mW.
Input Referred 1dB compression=-4.7dBm,
Output Referred 1dB compression=14.03dBm.

In the second design, A 0.18um CMOS UWB
PA for lower band UWB system (2.2 to 5GHz) is
simulated. By using a two-stage CS and
Derivative Supposition Method, the proposed PA
achieved a 27.19 dB gain and up to a maximum
of 47.5% power efficiency at 3.2 GHz using a 50
Q load termination, while consuming only
83.8mW. Input Referred 1dB compression=-
12.9, Output Referred 1dB compression=14.6.

Table 3: Relationship of UWB CMOS PA performances available and the present work

3dB BW Si1 Gain 0 Power
Ref. (GH2) (dB) S,,(dB) (dB) Pigp (dBm) | PAE % (mwW)
[7] 3to7 <5 <-4 13+1 +5(output) 13% 21
[5] 2t03 N/A N/A 15.8+.0.1 | +20.03(output) | 22% N/A
[6] 2.4t02.48 <-18 <-15 37.7 —24.5 (input) 24.5% N/A
i i —11.5 (input) 0
[10] 2.9t05.2 <57 <-55 22.3 +9.8(output) 26% 25
[11] 3to7 <5 <7 10 >0 (output) 12% 15
2 —4.5 (input) 0
3 1 2.2to5 <-1.29 | <-10.11 15.6 +14.5 (output) 39.6% 77.3
S ] ] —12.9 (input) .
3 2 2.2t05 <-1.67 <-2.6 27.19 +14.6 (output) 47.5% 83.8
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