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In this paper, a two-stage 0.18 μm CMOS power amplifier (PA) for ultrawideband (UWB) 3 to 5 GHz based on common source inductive degeneration
with an auxiliary amplifier is proposed. In this proposal, an auxiliary
amplifier is used to place the 2nd harmonic in the core amplified in order to
make up for the gain progression phenomena at the main amplifier output
node. Simulation results show a power gain of 16 dB with a gain flatness of
0.4 dB and an input 1 dB compression of about -5 dBm from 3 to 5 GHz
using a 1.8 V power supply consuming 25 mW. Power added efficiency (PAE) of
around 47% at 4 GHz with 50 Ω load impedance was also observed.
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1.

INTRODUCTION
Digital pulse wireless, more commonly known as ultra-wideband is a high bandwidth radio
technology is used for short range and low-power communications [1-5]. UWB has come to be known as
a direct competitor to bluetooth and WiMax as it can fully utilize high data rate along with wide spectrum
efficiency while using less or very low power transmission [6-15].
There is a problem regarding the transmission of data up to 480 Mbps. Two solutions have been
proposed by the IEEE802.15.3a. The first proposal is the multiband orthogonal frequency division
multiplexing (MBOFDM) UWB and the second represents the direct sequence code division multiple access
(DS_CDMA) UWB [16-25]. The first generation UWB system uses a low-frequency band of 3.5 to 5.1 GHz
in its required approach. Under this set up the main application for ultra-wideband systems being WiMedia
Alliance descriptions acts as short-range high-data communication systems. This is used in the consumer
electronics field composed of mobile cellular phones, laptops, and digital cameras. Moreover, this is
the foundational transport protocol used by bluetooth communication system v3.0 and Wireless USB-based
system [26-32].
Transmitter designs are challenged by the power amplifier (PA) circuits because of the demands of
high efficiency, appropriate output power, high system gain, and broad-band input matching system even
when using lower power consumption. These criteria put challenges for transmitter design even when various
topologies in the same manner with matching-based and resistive-shunt feedback topologies are used.
For general purposes, the topology that is used is backed by the amplifier requirements and features.
The main feature considerations are desirable efficiency level, power control and high linearity, and
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efficiency. This paper uses a two-stage common sources (CS) inductive degeneration with feedback power
amplifier for ultra-wideband front-end transceiver. The proposed amplifier uses 0.18 μm CMOS process.
The cascode structure will be used for the first step of the power amplifier by optimizing process in order to
get the maximum possible gain. A comon source amplifier which is employed as a second step to enhance
the power added efficiency (PAE) by utilizing the feedback in the common source amplifier.
The rest of this paper is organized as follows. A characterization of ultra-wideband power
amplifier circuit design is presented in section 2. In section 3, the experimental outcomes are shown. Finally,
in section 4, conclusions are given.

2.

UWB POWER AMPLIFIER CIRCUIT SCHEME
In this paper, the presented power amplifier design is based on the proposed amplifier design in [19]
to optimize the circuit design process in terms of circuit gain and transmitted power as long as sustaining an
ultra-wideband feature. Figure 1 presents the design circuit of the proposed method. In this design, we use
two stages power amplifier to achieve the optimal power output. The first stage consists of a cascode circuit
and a current mirror method. The second one employs a common source amplifier to adjust the gain and
enhance the output power of the design circuit with inserted Lg inductor to enhance the lineraty and input
matching of the design circuit. The presented power amplifier considers a power use of 20 mW while
the voltage supply is a 1.6 𝑉 dc voltage. The approxmited drain current would be of 26 milliampere (mA).
By considering 𝑀1 transistor of the first stage will draw a current of 8.8 𝑚𝐴 from the 1.6 𝑉 dc source,
one can approximately find the size of 𝑀1 transistor about 160 𝜇𝑚 as follows:
1

𝑊

2

𝐿

𝐼𝐷𝐷 ≈ 𝜇𝑛 𝐶𝑜𝑥

(𝑉𝑔𝑠1 − 𝑉𝑇ℎ )

2

(1)

where 𝑉𝑔𝑠1 = 0.75 V, 𝑉𝑇ℎ = 0.5 𝑉, 𝜇𝑛 = 0.03801 𝑚2 /𝑉𝑠 and 𝐶𝑜𝑥 = 0.00946 𝐹/𝑚2 , for a 0.18 𝜇𝑚 CMOS
technology.
One can determine the trans-conductance 𝑔𝑚 as follows:
1
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Then, one can find the input-impedance of transistor (𝑀1 ) as follows [18]:
𝒁𝒊𝒏 = 𝒋𝝎(𝑳𝒈 + 𝑳𝒔 ) +

𝟏
𝒋𝝎𝑪𝒈𝒔

+

𝒈𝒎 𝑳𝒔
𝑪𝒈𝒔

(3)

Also, the resonance frequency of the presented circuit is given by:
𝝎𝟎 ≈ √

𝟏

(𝑳𝒈 +𝑳𝒔 )𝑪𝒈𝒔

(4)

The stability and the lineraty of the presented circuit is improved by adding the degeration inductor
(𝐿𝑔1 ) at the source terminal of the main transistor ( 𝑀1 ). Moreover, the degeneration inductor employs to
achieve the input impedance matching network.
In order to choose the appropriate value of the the degeration inductor (𝐿𝑔1 ), one can pick a small
one so that it would be less than 0.6 𝑛𝐻. This small-value inductor would be simpliychanged by a bond-wire
inductor-type. This Also helps to minimize the chip (integrated-circuit) area.
The transistor ( 𝑀2 ) is used to form the cascade form so that the gain is enahanced. This also helps
to increase the active load of the first stage so that the voltage gain increases. One also can add small-value
inductor such as (𝐿𝑑1 ) so that it is shunt inductor and causes the circuit to achieve the peaking resonate by
lessen the effects of the parasitic capacitances of the CMOS technology. Moreover, one can reduce the power
consumption by increasing the value of the 𝐿𝑑1 inductor.
The input voltage for the first stage is:
′
𝑣𝑖𝑛
= 𝐼𝑔 𝐿𝑔 + 𝑣𝑔𝑠1 + 𝑔𝑚1 𝑣𝑔𝑠1 𝑙𝑠1

(5)

where the gate current is:
𝐼𝑔 = 𝑔𝑚1 𝑣𝑔𝑠1 − 𝑔𝑚4 𝑣𝑔𝑠4

(6)
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and, the output voltage for the first stage is:
′
𝑣𝑜𝑢𝑡
= 𝑔𝑚1 𝑣𝑔𝑠1 𝑙𝑠1

(7)

If we substitute 𝑰𝒈 from (6) into (5), and then divide (7) by (5), we get the gain:
𝐴1𝑠𝑡 𝑠𝑡𝑎𝑔𝑒 = 1 +

1
𝑔𝑚1 𝑙𝑠1

+

𝑙𝑠1
𝑙𝑔1

+

𝑔𝑚1 𝑣𝑔𝑠1 𝑙𝑠
𝑔𝑚4 𝑣𝑔𝑠4 𝑙𝑔

(8)

A second stage is a simple common source stage without cascade transistor and degeneration
inductor (𝐿𝑔 ). By doing the aforementioned procedures to assume a small current of 10 𝑚𝐴 to be used by
CMOS transistor ( 𝑀3 ) of the presented circuit, then, one can estimate the size of the transistor ( 𝑀3 ) based
on (1) is approximately 110 μm.
The input voltage for the second stage is:
′′
𝑣𝑖𝑛
= 𝑣𝑔𝑠3 + 𝑔𝑚3 𝑣𝑔𝑠3 𝑙𝑠2

(9)

and, the output voltage for the first stage is:
𝒗′′
𝒐𝒖𝒕 = 𝒈𝒎𝟑 𝒗𝒈𝒔𝟑 𝒍𝒔𝟐

(10)

The gain of the second stage is:
𝐴𝑠𝑒𝑐𝑜𝑛𝑑 𝑠𝑎𝑡𝑔𝑒 = 1 + 𝑔𝑚3 𝑙𝑠2

(11)

A high frequency amplifier requires a high gain and output power transistor. The suggested size is
a large transistor around M3. This is normally has a high parasitic capacitance and transconductance that
draws on increasing power consumption. Therefore, it is better to optimize the size at 150 𝑢𝑚 for suitable
power consumption. In the presented circuit, the four resistors 𝑅𝑏1 to 𝑅𝑏4 be used as biasing network of
the power amplifier. It has two-configrations of the current mirror circuits, M4 and M5.
These configrations works as to supply the presented circuit in additional to the bias-based resistors.
The large-value of the resistance 𝑅𝑏3 is employed to form a good isolation barrier between the RF signal and
the output terminal. Biasing transistors can be varied based upon the required noise and bandwidth so that
itsd job to flat the curve of the gain over a wide-bandwidth range. This can be done through sufficient
shunting using large-value capacitors (𝐶𝑏1 -𝐶𝑏5 ) as part of the presented circuit with dc-blockings formed by
block capacitors 𝐶𝑖𝑛 , 𝐶𝑖𝑛𝑡 and 𝐶𝑜𝑢𝑡 .

Figure 1. Schematic of the presented two-stage UWB power amplifier
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The auxiliary injection circuit is designed using a Class–C amplifier. This amplifier is characterized
by high efficiency and prevents decaying power gain curve through an increase of input power, in contrary to
Doherty PA. This is similar to the Class B amplifier with its operating point transistor found in the cutoff
region. However, the required threshold built-in voltage of the transistor should be passed by
the voltage across the gate and source terminals. The RF cycle is reduced to less than half, that is is why
Class C mode becomes a logical extension or the reduced angle concept.

3.

EXPERMENTAL RESULTS
The presented ultra-wide power amplifier is designed based on the 0.18 𝜇𝑚 CMOS technology for
ultra-wideband (UWB) 3 𝑡𝑜 5 𝐺𝐻𝑧. To optimize the presented design and simulate it, Agilent technologies
advanced design system (ADS) software was employs. The S-parameters is a tool to measue and study
the performance of the presented design. One can emloy it to find the power and voltage gain (𝑆21 ), Input
return loss (S11), the reverse isolation (𝑆12 ) and noise figure of the presented circuit (NF). Figure 2 shows
the measured small signal S-parameters. It is clear that A PA gain of 16 ± 0.5 𝑑𝐵 over the 3 𝑡𝑜 4.9 𝐺𝐻𝑧
frequency range while maintaining a 3 − 𝑑𝐵 bandwidth of 2.76 𝑡𝑜 5.2 𝐺𝐻𝑧 is obtaind, in addition to an
acceptable reverse isolation of more than 40 𝑑𝐵 over the range of 1 𝑡𝑜 8 𝐺𝐻𝑧.The PA also achieves an
output power up to +13 dBm and PAE of 47% in a 50 Ω load as shown in Figure 3.
Moreover, we have study the effect of changing the supply voltage on the gain cure. As Figure 4
shown, the gain as a function of supply voltage imples that the presented circuit has a good stability over
the interested frequency bands. The added power of a DC source allows an amplifier to increase its input
signal source. This is used to determine the amount of DC input power contributed to the amplification of an
input signal as shown in by the PAE in Figure 5.

Figure 2. Measured S-parameter

Figure 3. Measured PAE at 50 ohm load impedance

Figure 4. Gain vs Vdd

Figure 5. Output power vs Input power
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Figure 6 shows the variation of PA power gain. It is clear that the gain increases to about 16.35 dB
and then starts decreasing. This measurement is the ideal measurement and is often used as gauge to
amplifier efficiency or inefficiency, making it a figure of merit. The simulated result of noise figure is
shown in Figure 7. The minimum noise figure is 1.36dB at 3.7GHz and 2.4dB at 5GHz.

Figure 6. Power gain

Figure 7. Noise Figure vs frequency

Linearity is also measured using IP3 or IP2 within a circuit based upon the 1-dB compression point.
It is more directly measurable than IP3 since the measurement requires only one tone as opposed to the two
tones required by the IP3 measurement. While the measurement may be completed in one tone, multiple
tones may also be used for measurement purposes. 1-dB compression point refers to the input power level,
where any power less than 1dB power is considered an ideal linear device. Figure 8 shows P1dB curves for
linearity approximation. P1dB is about 11.2 dBm.
The output power versus input power for PA starts saturating at about 12 dBm, and it reaches 15
dBm as it shown in Figure 5. The stability-factor (𝐾), depicted in Figure 9. It shows that the 𝐾 is greater
than one, among the required frequencies, as it shown in Figure 9.

Figure 8. P1dB

Figure 9. Stability factor (K)

One can define the factor μ to measure the stability; where the factor represents the shortest path
from the center point in the Smith-chart to the point outside the stabe region in the load plane. As shown in
Figure 10, mu (μ), and mu (μ) prime factors are greater than 1.
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Figure 10. Stability factor (mu)

The voltage standing wave ratio (VSWR) is a tool to represnt +VE and real number of RF antennas.
In general, a good antenna gives a small-value of the VSWR, as it provides more power in watt and matches
the line of transmission of the antenna. For ideal case, the value of the VSWR equals to 1 where there is no
waves (power) would be reflected. One can define the VSWR as the ratio of the max-value of the standingwave to the min-value of it. In Figure 11, we show the values of the VSWR for the presented circuit.
A group-delay is a tool to measure the device phase distortion, one can define the group-delay as
a function of frequency where it represents the actual transit-time, and Figure 12 shows group-delay response
for the PA.

Figure 11. VSWR

Figure 12. Group delay

4.

CONCLUSION
A 0.18μm CMOS lower band UWB system (3 − 5 GHz) was recreated in this papaer. Using a CS
inductive degeneration, two stage process via 2nd harmonic topology, a PA of +16 dB voltage gain, 0.5 dB
tolarience gain, 11.1 dBm of output 1dB-compression and the power efficiency about 47% at 4 GHz,
is achieved with power consumption of only 25 mW. The experimental results show that the low band UWB
transmitter can be successfully implemented on portable and mobile devices on the UWB system.
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APPENDIX

Ref

S11 (dB)

S22 (dB)

[15]

3 dB BW
(GHz)
3.1 to 4.8

<-10

<-8

Gain@4GHz
(dB)
19

[16]
[17]
[18]
[19]

3.1 to 10.6
3 to 12
3 to 4.6
2.6 to 5.4

<-9
<-10
<-10
<-5

<-8
<-8
<-10
<-6

15
10.46
17.5
15.8

This study

2.8 - 5.2

<-6

<-0.5

16.2

P1dB@4GHz
(dBm)
-22.0 (input)
-4.2 (output)
0 (output)
+5.6 (output)
+0.42 (output)
-3.4 (input)
+11.4 (output)
-3.8 (Input)
10.1 (Output)

PAE@4GHz
(%)
n/a

Power (mW)

n/a
n/a
3.9%
34%

25.2
84
n/a
25

47%

25

25

REFERENCES
[1]
[2]

[3]

[4]
[5]

[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]

[15]
[16]
[17]

[18]
[19]
[20]
[21]
[22]

Thomas H. Lee, “The Design of CMOS Radio-Frequency Integrated Circuits,” Cambridge university press, 2003.
M. Haghighat, and A Nabavi, “Fully integrated CMOS power amplifier with linearity and efficiency enhancement
using 2nd harmonic injection technique,” Analog Integrated Circuits and Signal Processing, vol. 90, no. 1,
pp. 81-91, 2017.
J. C. Clifton, A. Lawrenson, H. Motoyama, and K. Kohama, “Wideband high efficiency multi-band multi-mode
(LTE/WCDMA/GSM) power amplifier for mobile terminals,” European Microwave Integrated Circuit
Conference, vol. 1495, no. 1498, pp. 524-527, 2013.
M. F. Siddique, et al., “Design and Simulation of Cascaded Class-A Microwave Power Amplifier,” International
Journal of Electrical and Computer Engineering (IJECE), vol. 3, no. 5, pp. 635-639, 2013.
M. Mabrok, Z. Zakaria and N. Saifullah, “Design of Wide-band Power Amplifier Based on Power Combiner
Technique with Low Intermodulation Distortion,” International Journal of Electrical and Computer Engineering
(IJECE), vol. 8, no. 5, pp. 3504-3511, 2018.
C. W. Kim, M. S. Kang, P. T. Anh, H. T. Kim and S. G. Lee, “An ultra wide-band CMOS low noise amplifier for
3-5 GHz UWB System,” IEEE J. Solid-State Circuits, vol. 40, no. 2, pp. 544-547, 2005.
Z. Zhang and Z. Cheng, "A Multi-Octave Power Amplifier Based on Mixed Continuous Modes," IEEE Access,
vol. 7, pp. 178201-178208, 2019.
A. F. Aref, R. Negra, "A fully integrated adaptive multiband multimode switching-mode CMOS power amplifier,"
IEEE transactions on microwave theory and techniques, vol. 60, no. 8, pp. 2549-2561, 2012.
H. Mosalam, et al., "High Efficiency and Small Group Delay Variations 0.18-$\mu$ m CMOS UWB Power
Amplifier," IEEE Transactions on Circuits and Systems II: Express Briefs, vol. 66, no. 4, pp. 592-596, 2019.
K. Gumber and M. Rawat, "Low-Cost RFin–RFout Predistorter Linearizer for High-Power Amplifiers and UltraWideband Signals," IEEE Transactions on Instrumentation and Measurement, vol. 67, no. 9, pp. 2069-2081, 2018.
J. Kim, C. Park, J. Moon, and B. Kim, "Analysis of adaptive digital feedback linearization techniques,"
IEEE Trans. Circuits Syst. I Reg. Papers, vol. 57, no. 2, pp. 345-354, 2010.
C. Ni, et al., "Design of broadband high-efficient PA based on hybrid continuous modes," The Journal of
Engineering, vol. 2017, no. 1, pp. 1-3, 2017.
S. Jose, H-J. Lee, D. Ha and S. S. Choi, “A Low-power CMOS Power Amplifier for Ultra wideband (UWB)
Applications,” Proc. IEEE International Symposium on Circuits and Systems, pp. 5111- 5114, 2005.
M. Akbarpour, F. M. Ghannouchi and M. Helaoui, "Current-Biasing of Power-Amplifier Transistors and Its
Application for Ultra-Wideband High Efficiency at Power Back-Off," IEEE Transactions on Microwave Theory
and Techniques, vol. 65, no. 4, pp. 1257-1271, 2017.
C.H. Han, W.W. Zhi and K.M. Gin, “A Low Power CMOS Full-Band UWB Power Amplifier Using Wideband
RLC Matching Method,” Proc. IEEE Electron Devices and Solid-State Circuit Conf, pp. 223-236, 2005.
C. Lu, A.-V. Pham and M. Shaw, “A CMOS Power Amplifier for Full- Band UWB Transmitters,” Proc. IEEE
RFIC Symp., pp. 397- 400, 2006.
L. Albasha, et al., "An Ultra-Wideband Digitally Programmable Power Amplifier With Efficiency Enhancement for
Cellular and Emerging Wireless Communication Standards," IEEE Transactions on Circuits and Systems I:
Regular Papers, vol. 63, no. 10, pp. 1579-1591, 2016.
R-L Wang, Y-K Su and C-H Liu; “3~5 GHz Cascoded UWB Power Amplifier,” Proc. IEEE Asia Pacific
Conference on Circuits and Systems, pp 367-369, 2006.
Sew-Kin Wong, et al., “High Efficiency CMOS Power Amplifier for 3 to 5 GHz Ultra-Wide band (UWB)
Application,” IEEE Transactions on Consumer Electronics, vol. 55, no. 3, 2009.
K. Gumber and M. Rawat, "A Modified Hybrid RF Predistorter Linearizer for Ultra Wideband 5G Systems," IEEE
Journal on Emerging and Selected Topics in Circuits and Systems, vol. 7, no. 4, pp. 547-557, 2017.
M. T. Arnous, et al., "A Novel Design Approach for Highly Efficient Multioctave Bandwidth GaN Power
Amplifiers," IEEE Microwave and Wireless Components Letters, vol. 27, no. 4, pp. 371-373, 2017.
A. Taibi, et al., "Efficient UWB low noise amplifier with high out of band interference cancellation,"
IET Microwaves, Antennas & Propagation, vol. 11, no. 1, pp. 98-105, 2017.

Int J Elec & Comp Eng, Vol. 11, No. 1, February 2021 : 772 - 779

Int J Elec & Comp Eng

ISSN: 2088-8708



779

[23] M. Ribate, et al., “a 1.25 GHz –3.3 GHz broadband solid-state power amplifier for L and S bands applications,"
International Journal of Electrical and Computer Engineering (IJECE), vol. 9, no. 5, pp. 3633-364, 2019.
[24] M. Mabrok et al., “Design of Wide-band Power Amplifier Based on Power Combiner Technique with Low
Intermodulation Distortion," International Journal of Electrical and Computer Engineering (IJECE), vol. 8, no. 5,
pp. 3504-3511, 2019.
[25] Z Albataineh, JI Ababneh and Fathi Salem, “Linear Phase FIR Low Pass Filter Design Using Hybrid-Differential
Evolution,” International Journal of Research in Wireless Systems, vol. 1, no, 2, 2012.
[26] Z Albataineh, F Salem, “New blind multiuser detection in DS-CDMA using H-DE and ICA,” 4th International
Conference on Intelligent Systems, Modelling and Simulation, pp. 569-574, 2013.
[27] Z Albataineh, F Salem, “New blind multiuser detection in DS-CDMA based on extension of efficient fast
independent component analysis (EF-ICA),” 4th International Conference on Intelligent Systems, Modelling and
Simulation, pp. 543-548, 2013.
[28] Z Albataineh, F Salem, “An Energy-Efficient and High Gain Low Noise Amplifier for Receiver Front-Ends,”
International Journal of Research in Wireless Systems, vol. 1, no. 2, pp. 1-5, 2012.
[29] Z Albataineh, “Robust blind channel estimation algorithm for linear STBC systems using fourth order cumulant
matrices,” Telecommunication Systems, vol. 68, no. 3, pp 573-582, 2018.
[30] Z. Albataineh, et al., “A High-Gain Low Noise Amplifier for RFID Front-Ends Reader,” Jordan Journal of
Electrical Engineering (JJEE), vol. 3, no. 1, pp. 65-74, 2017.
[31] Z. Albataineh, J. Moheidat and Y. Hamada, "Design of high gain 2.4GHz CMOS LNA amplifier for wireless
sensor network applications," 10th Jordanian International Electrical and Electronics Engineering Conference
(JIEEEC), pp. 1-5, 2017.
[32] Z Albataineh, “Blind Decoding of Massive MIMO Uplink Systems Based on the Higher Order Cumulants,”
Wireless Personal Communications, vol. 103, no. 2, pp. 1835-1847, 2018.

BIBLIOGRAPHY OF AUTHORS
Dr. Idrees S. Al-Kofahi received his MSc and Ph.D. in Microelectronics Engineering from
the Liverpool John Moores University, UK in 1993 and 1997, respectively, and the bachelor
degree in Electrical Engineering from Yarmouk University in 1986. Since 1997, he has been
working with the Department of Electronics Engineering, Hijjawi Faculty for Engineering
Technology, Yarmouk University, Jordan. During that time He left the university to join United
Arab Emirates University (2002-2004) and Al Jouf University, KSA (2010 to date). He is
currently an Associate Professor.

Zaid Albataineh received the B.S. degree in electrical engineering from the Yarmouk
University, Irbid, Jordan, in 2006, and received the M.S. degree in the communication and
electronic engineering from the Jordan University of Science and Technology JUST, Irbid,
Jordan, in 2009. He received the Ph.D. degree in electrical and computer engineering department,
Michigan State University (MSU), USA, in 2014. His research interests include Blind Source
Separation, Independent Component analysis, Nonnegative matrix Factorization, Wireless
Communication, DSP Implementation, VLSI, Analog Integrated Circuit and RF Integrated
Circuit.

Ahmad Dagamseh received his bachelor degree in electronics engineering from Yarmouk
University in Jordan in 2004, master degree in microelectronic engineering (solar cells) from
Delft University of Technology in the Netherlands in 2007 and Ph.D. degree from the University
of Twente in the Netherlands in 2011 in bio-inspired sensors' design using MicroElectroMechanical Systems (MEMS). Since February 2012 he was appointed as assistant
professor at Department of Electronics Engineering at Yarmouk University in Jordan.
His research interests include: thin-layers solar cells, biologically inspired micro-systems and
sensors, micro electromechanical systems, interfacing electronics and related signal processing.

A two-stage power amplifier design for ultra-wideband applications (Idrees S. Al-Kofahi)

