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ABSTRACT

At present, wireless devices play key role in modem society. Transmitter circuits
performance need to be more and more efficient. Similarly, receiver circuits are also important
and needed to be improved. In receivers, attenuator circuits play key role in controlling
appropriate signal level going through the circuit. If the input signal is too strong, it can damage
circuits in the following blocks.  In this project, the attenuator is designed for ultra-wideband
application. It is controlled by a 4 digital bit circuit. Also, it was built on 0.18 pum CMOS process,
which is low production cost process. The schematic is in T form. Each of the bits has different
characteristics. The circuit was optimized in sequence order of the bits so that the overall
performance of the attenuator is optimum, e.g., low amplitude error (less than 0.13 dB in the
frequency range of 3.1 to 10.8 GHz, high P,_, point. Because of the ultra-wideband character, the

circuits can be applied in many applications.

Keywords : attenuator, CMOS, RMS amplitude error, ultra-wideband.
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Chapter 1

Introduction

In wireless communication, low cost circuits are normally in high demand. Therefore, most
of the systems are implemented on chip as integrated circuit. At present, CMOS (Complementary
metal-oxide-semiconductor) is the most popular one due to its low cost. In receiver system, an

attenuator circuit plays key role in controlling signal level to be input to the receiver.

1.1 Problem background
In wireless receiving circuit, a coupler circuit is a critical block in receiving signal. Once the
signal is received, the attenuator circuit will maintain the input signal level such that the signal
can be operated properly in the following circuit blocks. It tasks in general are attenuating the
input signal and maintaining signal integrity.
Attenuators can be categorized as passive and active types. Passive attenuators mainly
consist of resistors. The signal level can be lower by using proper combination of resistors.

Simple attenuator structures are shown in Fig. 1 [1].
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Fig.1.1 Passive attenuator configurations: (a) L-pad, (b) U-pad, (c) T-pad, (d) H-pad, (e)
unbalanced bridged T (f) balanced bridged T (e) unbalanced Pi-pad (f) balanced O-pad [1]

The active attenuators use transistor in implementing passive resistors. Therefore, the topologies
of the active inductors are usually the same as those of the passive attenuators. In this research,
an active attenuators is proposed in T-Pad structure.
1.2 Research Purpose
To design a compact attenuator which can be used in ultra-wide microwave frequency range.
1.3 Research Scope
A CMOS circuit prototype of ultra-wideband attenuator circuit.
1.4 Methodology
Based on the passive attenuator structure, some of the circuit components such as resistors
are replaced by CMOS switch. By using transistor, the circuit size is reduced. Four attenuators
are combined in switched attenuator form [1] to achieve higher attenuation value. The switched
attenuator topology is shown in Fig. 1.2 [1]. The attenuator level can be adjusted by choosing a

combination of attenuator bits as well.
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Fig. 1.2 A four bit switched attenuator topology [1].

1.5 Research Benefits
The attenuator circuit can be used in most receiver circuits and the design technique can
be applied to be used in other applications as well.
This report organizes as follows: chapter 2 introduces attenuator circuits, chapter 3 shows
analysis and design of attenuator circuit on CMOS process and finally chapter 4 draws

conclusions.



Chapter 2

Design of the 4-Bit Digital Step Attenuator

Recently, variable gain amplifiers (VGA) and power gain control designs in the
transmitter/receiver (T/R) chain are commonly implemented in modern communication systems
[2]-[3]. However, fully passive attenuators [4]-[7] have advantages over VGAs used in
transceivers of the phased-array systems, e.g., no required DC power consumption, precise output
amplitude and high linearity. In order to avoid complex phase calibration in the systems, the
attenuator with series capacitors achieve a constant transmission phase [5]. Typically, the
attenuators are classified as switched T/Pi type [3-4], switched bridge-T type [6], and distributed
attenuators [7]. These types of the attenuators use MOS transistors to control switches on/off so
that the insertion loss (attenuation amount) can be specified. The distributed attenuator has ultra-
low insertion losses because no series MOS switch is used in the signal path. However, it
occupies large chip area due to the implementation of distributed transmission lines [7]. The
switched T/Pi type attenuators consume smaller chip area [4-5], but the parasitic effects of the
MOS switch on/off control will influence the transmission phase, insertion losses, matching
networks, and therefore result in poor RMS amplitude errors.

This research presents 4-bit ultra-wideband CMOS attenuator based on switched bridge-
T type attenuators. The design techniques consist of the proper bit ordering arrangement to
improve its insertion losses/power handling capability and small series inductors added in the RF
path to broaden its input/output matching responses. Therefore, this work achieves low RMS

amplitude errors in the frequency range of 3.1 GHz to 10.8 GHz.

2.1 Design of the 4-bit digital step attenuator

Figures 2.1 shows the topology of switched bridged-T type attenuator and its
equivalent circuits at the attenuation state and reference state. When the transistor M,
turns off and the transistor M> turns on, the attenuator presents attenuation state as
shown in Fig. 2.1(b) where Com represents the off-capacitance of the series transistor
M, and Ron2 is on-resistance of the shunt transistor M>. On the contrary, when M, turns

on and M, turns off, the attenuator is in reference state as shown in Fig. 2.1(c) where



Ron1 1s on-resistance of the series transistor M, Cofm is the off-capacitance of the shunt

transistor M>.
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Figure 2.1. Switched bridged attenuators: (a) switched bridged-T type attenuator, and
its equivalent circuit at (b) attenuation state and (c) reference state.
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To facilitate the theoretical analysis of the bridged-T network at attenuation state in
Fig. 2.1(b), the Com and Ron> are neglected. Moreover, the admittance matrix (Y-
matrix) is adopted in analyzing the bridged-T network by adding the admittance
matrix of R; and the that of T-network (Zo and R>) which are in parallel. The 2x2 Y-
matrix of the attenuator at attenuation state is given by Equation (2.1). Then its
corresponding scattering parameters can also be obtained by converting the
admittance matrix to scattering matrix as expressed in Equations (2.2) and (2.3). By
fixing Zo, the values of R; and R, determine the S)» and S>;, namely, the insertion

losses of the network. For the design purposes, the attenuation amounts (A) in dB and



the reference impedance can be specified. The relationships among attenuation
amounts (4), the reference impedance (Zo=50Q2), R1, and R, are shown in Equations

(2.4) and (2.5)[7).

A
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Figure 2.2. The complete schematic of the proposed structure.

Table 2.1
Component Values of the Proposed Attenuator
Ri=14Q R3=18Q Rs3=438Q R7=24Q R10=724Q
R,=2KQ R4&=102Q R=5Q Ro=13Q Li=0.3nH
Mizgs M;;s7 Mag
W/L(um)=24/0.18 W/L(um)=150/0.18 W/L(um)=18/0.18

The bit ordering is decided by the insertion loss and input Pigs considerations.
Typically, lower insertion losses of the attenuator at the reference state are preferred.
Moreover, to handle large input signal power, the higher attenuation bits are used at
subsequent stages since they have lower power-handling capabilities due to the larger
voltage difference between the drain and source of the series switch. To study lower
insertion losses at the reference state, three designs of bit ordering arrangement are

considered: ordering #1 (0.5-4-2-1 dB), ordering #2 (0.5-1-2-4 dB), and ordering #3



(4-2-1-0.5 dB). The design #1 and #2 use the lowest attenuator while the design #3
uses the highest attenuator for the first bit. The simulated insertion losses and input
power at Pigs of each type at 5 GHz can be observed in Fig. 3. From the figure, it is
shown that the |S21jof type #3 decreases most rapidly. From the insertion loss side,

type #1 features lower insertion loss compared to type #2, and therefore the 0.5-4-2-1

dB ordering is adopted.
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Figure 2.3. Simulated magnitude of [S21| (dB) versus input power at Pigs for the
reference state using different bit orderings at 5 GHz.

For a 4-bit attenuator, four switched bridged-T type attenuators from Fig. 2.1 are
used. Figure 2.2 shows the complete schematic of the proposed 4-bit attenuator. Its
circuit parameters are tabulated in Table 2.1. Each bit provides 0.5-dB, 1-dB, 2-dB,
and 4-dB attenuation. By ignoring the impedance of the transistors, the return losses
(IS11| and |S22|) in Equation (2.2) are theoretically frequency-independent functions.
Therefore, it is expected that wide-band responses can be achieved. However, the
input and output return losses of the proposed attenuator become worsen from the
assumed cases due to some parasitic effects in the RF path. In order to solve this

phenomenon and take chip area of this circuit into consideration, three small 0.3-nH



inductors (L;) are added between each bit to resonate out all the parasitic
capacitances. Therefore, the return losses are improved significantly from 3 to18 GHz
as shown in Fig. 2.4(a) and (b). Each line in the figure represents a state of the four
switched bridged-T circuit which is a combination of reference states and attenuation

states.
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Figure 2.4. Simulated (a) input and (b) output return losses with and without L;.



Chapter 3

Implementation and Measurement

The design is implemented in a standard mixed-signal/RF bulk 0.18-um CMOS
process which is provided by TSMC (Taiwan Semiconductor Manufacturing
Company). The process provides metal-insulator-metal capacitor (MIM) capacitors
and poly resistors. According to Table 2.1, some small resistances (5~24 ) are
required, and therefore the rplpoly (P* Poly resistor with silicide) device is used. The
large resistances are realized by the rphpoly (P* Poly resistor without silicide) device.
To minimize resistive losses of the three series inductors L; in the RF path, the top
metal layer made of 2.3-pm-thick AlCu is used to realize these inductors. Figure 3.1
shows the chip photo of the fabricated attenuator with a chip are of 1.2 mm? including
all testing pads. It is noted that on-chip bypass capacitors are also added to the bias

path to prevent the power noises.
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Figure 3.1. The photograph of 4-bit ultra-wideband attenuator.
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Figure 3.2. Simulated and measured results of (a) [S11| and (b) |S2|.

On-wafer measurements were conducted and three groups of 3-pin (PGP) DC
probe and two (GSG) RF probes were used to characterize the circuit performances.
All measured results were calibrated to eliminate the undesired parasitic of the testing
pads. The gate control voltage is 1.8 V. The measured |S11| and |S22| were better than
10 dB from 3.1 to 10.6 GHz as shown in Fig. 3.2(a) and Fig. 3.2(b), respectively.
Note that in Fig. 6 and 7, each line in the figure represents a state of the four switched
bridged-T circuit which is a combination of reference states and attenuation states.
Good agreement between simulated and measured results is also demonstrated.
Figure 7 presents the measured attenuation relative to that of the first state (reference
state), the range of the attenuation is about 7.5 dB with 0.5 dB step (16 states) from

3.1 to 10.6 GHz. The RMS error is defined as
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RMSE = 3.1)

where x is the desired attenuation step (the step of this circuit is set at 0.5 dB), x; is the
measured attenuation step between the /" state and the (¢+1)™ state and # is the total
number of the states. The RMS amplitude error of this design varies between 0.11 dB
and 0.15 dB from 3 to 11 GHz. The measured input P14 at 5 GHz is about 15 dBm as
shown in Fig. 3.3. Finally, Table 3.1 summarizes the specification of the proposed
design and other previous reported digital attenuators. This work demonstrates low

RMS amplitude error and insertions losses while maintains good input Pi4s.
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Figure 3.3. Measured results of each attenuation states and RMS amplitude errors.
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Table 3.1
Comparison of Previous Reported On-Chip Digital Attenuator
This
Ref. [3] (5] [4] N\ | womk
Freq. (GHz) | 7.7-10.8 8-12 36-52 10-50 3.1-10.8
0.25-pum 0.12-pm | 0.12-pm | 0.18-um
Technology | pi~yrag| | 018-um CMOS - I'pirving | BicMos | cMos
Switched
Tonol Switched | Switched | Switched | Switched Distebated bridged
opology PUT | PYT+L | PYT+C | Pi/T ISIOUCE | Tinter-
bit L
Resolution
(dB) 0.13 0.5 0.5 1 3 0.5
No. of bits 7 6 6 3 4 4
R.L.(dB) >15 >10 >11 >10 >8 >10
I.L.avg.(dB) 11.4 8.7 10.6 S 2.5 8.1
RMS AMP.
ER. (dB) <0.13 <0.3 <0.4 <1.4 N/A <0.13
Input P1dB
(dBm) 12.5 15 13 20 5 15




Chapter 4

Conclusions

In this paper, a 4-bit ultra-wideband attenuator is designed, implemented, and
verified in a standard 0.18-pum standard CMOS process. This design adopts switched
bridge-T type topology for each attenuation bit. Based on insertion losses and the
input P14s considerations, the bit ordering 0.5-4-2-1 dB is employed in this design. To
further improve the input/output return losses while maintains low insertion losses,
three small inductors are placed between each bit in the RF signal path. Good
agreement between simulated and measured results demonstrates the feasibility of the
proposed design concept. In addition, this work also achieves the low RMS amplitude
error and broadband response, and it could be integrated into many transceivers such

as phased-array or ultra wideband systems.
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1 | INTRODUCTION

Abstract

This article presents the 4-bit ultra-wideband complementary metal-oxide-
semiconductor (CMOS) attenuator in a standard 0.18-pm CMOS process. This
design adopts switched bridge-T type topologies for each attenuation bit. Based on
insertion losses and input Py_gp considerations, the circuit performances can be
optimized by the proper bit ordering arrangement. Therefore, the bit ordering
0.5-4-2-1 dB is employed in the 4-bit attenuator. Moreover, series inductors are
added between each bit to further improve the input and output return losses. Mea-
sured results demonstrate that the attenuation range of the circuit is 7.5 dB with
0.5 dB step and the root-mean-square (RMS) amplitude error is between 0.11 and
0.13 dB from 3.1 to 10.8 GHz. The differences between simulated and measured
RMS amplitude errors are less than 0.2 dB, which demonstrates the good agree-
ment and feasibility of the design concept. The measured input P 4z is 15 dBm at
5 GHz and the chip area is 1.12 mm? including all testing pads.

KEYWORDS
attenuator, CMOS, RMS amplitude error, ultra-wideband

bridge-T type,® switched Pi/T type,”® and distributed attenua-

tors.’ These types of the attenuators use metal-oxide-

Recently, variable gain amplifiers (VGA)'? and power gain
control designs such as power divider and combiners®* in the
transmitter/receiver (T/R) chain are commonly implemented in
modern communication systems. However, fully passive atten-
uators™® have advantages over VGAs used in transceivers of
the phased-array systems, for example, no required DC power
consumption, precise output amplitude and high linearity. In
order to avoid complex phase calibration in the systems, the
attenuator with series capacitors achieve a constant transmis-
sion phase.” Typically, the attenuators are classified as switched

semiconductor (MOS) transistors to control switches on/off so
that the insertion loss (attenuation amount) can be specified.
The distributed attenuator has ultra-low insertion losses because
no series MOS switch is used in the signal path. However, it
occupies large chip area due to the implementation of distrib-
uted transmission lines. The switched T/Pi type attenuators
consume smaller chip area, but the parasitic effects of the MOS
switch on/off control will influence the transmission phase,
insertion losses, matching networks, and therefore result in
poor root-mean-square (RMS) amplitude errors.

Int J RF Microw Comput Aided Eng. 2019,¢21922.
https://doi.org/10.1002/mmce.21922
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This article presents 4-bit ultra-wideband complementary
MOS (CMOS) attenuator based on switched bridge-T type atten-
uators. The design techniques consist of the proper bit ordering
arrangement to improve its insertion losses/power handling capa-
bility and small series inductors added in the RF path to broaden
its input/output matching responses. Therefore, this work
achieves low RMS amplitude errors in the frequency range of
3.1 GHz to 10.8 GHz. The article is organized as follows.
Section 2 provides the details of the proposed 4-bit digital step
attenuator. Section 3 describes the implementation and measure-
ment of the design. Finally, Section 4 concludes this work.

2 | DESIGN OF THE 4-BIT DIGITAL
STEP ATTENUATOR

Figure 1 shows the topology of switched bridged-T type atten-
uator and its equivalent circuits at the attenuation state and
reference state. When the transistor M; turns off and the tran-
sistor M, turns on, the attenuator presents attenuation state as
shown in Figure 1B where Cg represents the off-capacitance
of the series transistor M, and R,,, is on-resistance of the
shunt transistor M,. On the contrary, when M; turns on and
M, turns off, the attenuator is in reference state as shown in
Figure 1C where R, is on-resistance of the series transistor
M,, Cyp is the off-capacitance of the shunt transistor M.

(Yu le)
oy Yoo
Z24+2ZRy +R\Ry+R\Zy  Z}+2ZR; +RiRy + RiZy
R (Z2 +2R:Z,) o R(Z¥2RZ)
_Z+2ZRy + RiRy+RiZy  Z§+2Z0Ry + RiRy + R Z

R (Z3 +2R:Z) Ri(Z} +2R:Z)

Si=8n= (Rl (2R2 +Z()))/(4R|R2 +3R1Zy+4RZy + 22(2))
)

S12=51 = (2R1R> + 2R\ Zy + 4R 2 + 273 |
(4R1R> +3R1 Zo + 4R Zo + 225

To facilitate the theoretical analysis of the bridged-T net-
work at attenuation state in Figure 1B, the Cogy and Ry are
neglected. Moreover, the admittance matrix (Y-matrix) is
adopted in analyzing the bridged-T network by adding the
admittance matrix of R, and the that of T-network (Z, and
R,) which are in parallel. According to the principle of Y-
matrix, the Y, and Y», are ([(Zo//R,) + Zo] + R;)™". On the
contrary, the Y, and ¥, are —([(Zo//R>) + Zo] + R;)™". The
Zy is set to 50 Q, which is also known as the reference
impedance. So the 2 X 2 Y-matrix of the attenuator at attenu-
ation state is given by Equation (1). Then its corresponding
scattering parameters can also be obtained by converting the
admittance matrix to scattering matrix as expressed in Equa-
tions (2) and (3).° By fixing Z,, the values of R, and R,
determine the S, and S5, namely, the insertion losses of the
network. For the design purposes, the attenuation amounts
(A) in dB and the reference impedance can be specified. The
relationships among attenuation amounts (A), the reference
impedance (Z, = 50 ), R,, and R, are shown in Equa-
tions (4) and (5).8

R, =z(.(1o&%—'1) 4)

Zy
RSoLE _
; (10‘:%-1)

VWWA VWV AN
R 1 R 1
|y et i) e e i) e b s e )
Zy Zy Zy Z Zy Z,
I M Ronz Cof f2
R 2 R 2 R 2
FIGURE 1 (A) Switched bridged-T type attenuator, and its equivalent circuit at (B) attenuation state and (C) reference state
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FIGURE 2 The complete schematic of the proposed structure
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Vs

TABLE 1 Component values of the Ri=14Q Ry=18Q Ris=438Q R=24Q Rio=7240Q
proposed attenuator
R, = 2KQ Ry=102Q Re=5Q Ry=13Q L, =0.3nH
Mias Mss; Mae

WIL (um) = 24/0.18

For a 4-bit attenuator, four switched bridged-T type atten-
uators from Figure 1 are used. Figure 2 shows the complete
schematic of the proposed 4-bit attenuator. Its circuit param-
eters are tabulated in Table 1. Each bit provides 0.5-dB,
1-dB, 2-dB, and 4-dB attenuation. The bit ordering is
decided by the insertion loss and input P, 45 considerations.
The input and output return losses are not considered
because they can be improved by matching networks. Typi-
cally, lower insertion losses of the attenuator at the reference
state are preferred. Moreover, to handle large input signal
power, the higher attenuation bits are used at subsequent
stages since they have lower power-handling capabilities
due to the larger voltage difference between the drain and
source of the series switch. To study lower insertion losses
at the reference state and loading effect, which is caused by
changing different states, bit ordering arrangement examples
for extreme results in insertion loss and power handling are
considered. Three designs of bit ordering are arranged as
follows: ordering #1 (0.5-4-2-1 dB), ordering #2
(0.5-1-2-4 dB), and ordering #3 (4-2-1-0.5 dB). The design
#1 and #2 use the lowest attenuator at the first bit. They pre-
sume to have the lowest insertion loss and the highest power
handling. While the design #3 is the extreme opposite that it
presumes to have the highest insertion loss and lowest power
handling. The simulated insertion losses and input power at
P, 4p of each type at 5 GHz can be observed in Figure 3.

W/L (pm) = 150/0.18 WIL (pm) = 18/0.18

-3.0 T T I T I
| —u— #] (5421) | |
o—#2 (5124)
35 A T —— #3 (4215)[]
FRLS 5 9
& | VAN
3-4 0 é > N \l
E AW
— | 4
4.5 s : \
i | {EN
] | |
‘ 7
| | |
-5.0 ‘ T ‘ T ‘ -
-20 -10 0 10 20 30
Input power at P
FIGURE 3 Simulated magnitude of | S5;| (dB) vs input power at

P,_gg for the reference state using different bit orderings at 5 GHz

From the figure, it is shown that the ISyl of type #3
decreases most rapidly. From the insertion loss side, type #1
features lower insertion loss compared to type #2, and there-
fore the 0.5-4-2-1 dB ordering is adopted.

By ignoring the impedance of the transistors, the return
losses (IS;;l and 1Sy,l) in Equation (2) are theoretically
frequency-independent functions. Therefore, it is expected
that wideband responses can be achieved. However, the
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FIGURE 4 Simulated (A) input and (B) output return losses with
and without L,

input and output return losses of the proposed attenuator
become worsen from the assumed cases due to some para-
sitic effects in the realistic circuit layout of signal lines. In
order to solve this phenomenon between each bits and take
chip area of this circuit into consideration, three small
0.3-nH inductors (L) are added between each bit to resonate
out all the parasitic capacitances. Therefore, the return losses
are improved significantly from 3 tol8 GHz as shown in
Figure 4A,B. Each line in the figure represents a state of the
four switched bridged-T circuit, which is a combination of
reference states and attenuation states.

3 | IMPLEMENTATION AND
MEASUREMENT

The design is implemented in a standard mixed-signal/RF
bulk 0.18-pm CMOS process, which is provided by TSMC
(Taiwan Semiconductor Manufacturing Company). The pro-
cess provides metal-insulator-metal capacitors and poly
resistors. According to Table 1, some small resistances

L

e
_|

A

b\a
o w [-T"i'-

FIGURE 5 The photograph of 4-bit ultra-wideband attenuator
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FIGURE 6 Simulated and measured results of (A) IS;;| and
(B) 1522l

(5-24 Q) are required, and therefore the rplpoly (P* poly
resistor with silicide) device is used. The large resistances
are realized by the rphpoly (P* poly resistor without silicide)
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device. To minimize resistive losses of the three series
inductors L, in the RF path, the top metal layer made of
2.3-um-thick AlCu is used to realize these inductors.
Figure 5 shows the chip photo of the fabricated attenuator
with a chip are of 1.2 mm? including all testing pads. It is

Switched bridged T + inter-bit L

noted that on-chip bypass capacitors are also added to the 8
bias path to prevent the power noises. = 5
On-wafer measurements were conducted and three . 2 5 7
groups of 3-pin (PGP) DC probe and two (GSG) RF pro- E - 2 = . % = \;/' "
o —
bes were used to characterize the circuit performances. All
measured results were calibrated to eliminate the undesired
parasitic of the testing pads. The gate control voltage is 8
1.8 V. The measured IS,,| and 1S,,| were affected by the &
parasitic effect of the realistic circuit lines and the bulky ‘; ;E
testing pads, so the phenomenon of frequency shift o, SR B ¥
occurred. But the results were still better than 10 dB from SN S e <R 2B,
3.1 to 10.6 GHz as shown in Figure 6A and 6B, respec- i
tively. Note that in Figures 6 and 7, each line in the figure i
. . . @K
represents a state of the four switched bridged-T circuit, CED
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which is a combination of reference states and attenuation
states. Good agreement between simulated and measured
results is also demonstrated. Although the RMS amplitude
errors in low frequencies are less than 0.2 dB, the measured
results show poor return losses due to the input and output
matching networks. Therefore, the practical application of
this design is limited from 3.1 to 10.6 GHz. Figure 7 pre-
sents the measured attenuation relative to that of the first
state (reference state), the range of the attenuation is about
7.5 dB with 0.5 dB step (16 states) from 3.1 to 10.6 GHz.
The RMS error is defined as

RMSE = (6)

where x is the desired attenuation step (the step of this circuit
is set at 0.5 dB), x, is the measured attenuation step between
the rth state and the ( + 1)th state and »n is the total number
of the states. The RMS amplitude error of this design varies
between 0.11 and 0.15 dB from 3 to 11 GHz. The measured
input P;_4p at 5 GHz is about 15 dBm as shown in Figure 8.
Finally, Table 2 summarizes the specification of the pro-
posed design and other previously reported digital attenua-
tors such as switched Pi/T and switched Pi/T with
inductor/capacitance, and this work demonstrates low RMS
amplitude errors and insertion losses while maintains good
il’lpllt P 1-dB-

4 | CONCLUSION

In this article, a 4-bit ultra-wideband attenuator is designed,
implemented, and verified in a standard 0.18-pm standard
CMOS process. This design adopts switched bridge-T type
topology for each attenuation bit. Based on insertion losses
and the input P, 4g considerations, the bit ordering
0.5-4-2-1 dB is employed in this design. To further improve
the input/output return losses while maintains low insertion
losses, three small inductors are placed between each bit in
the RF signal path. Good agreement between simulated and
measured results demonstrates the feasibility of the proposed
design concept. At last, this work also achieves the low
RMS amplitude error and broadband response, and it could
be integrated into many transceivers such as phased-array or
ultra-wideband systems.
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