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Abstract

This paper presents a new attenuator bit topology selection algorithm for attenuator design to
simultaneously achieve low amplitude and phase error with minimum insertion loss. The significance
of this algorithm has been demonstrated by the design and implementation of 8-bit digital attenuator
using 65 nm Complementary Metal-Oxide-Semiconductor (CMOS) technology in 2.8 GHz to

4.0 GHz frequency band. To meet the 8-bit attenuation and phase error resolution, new phase
compensated Pi-, T- and T-bridge attenuator bit topologies are proposed in place of conventional
attenuator bits from 32 dB to 0.25 dB. Performance of this attenuator has been validated with the help
of exhaustive post layout parasitic simulation results. The integrated attenuator has demonstrated the
highest ever reported attenuation precision at lowest root mean square (RMS) phase error and RMS
amplitude error, i.e., 8-bit performance with maximum insertion loss of 5.1 dB, maxmum RMS phase
error of 0.78° and maximum RMS amplitude error of 0.1 dB, input referred 1 dB compression point
(IP; g) > +14.8 dBm, input and output matching <—12 dB, in 2.8 GHz to 4.0 GHz with

1.55 mm X 0.35 mm chip area. This significant improvement in the attenuation precision, RMS
amplitude and phase error of the integrated attenuator is the result of, systematic design approach,
selection of each attenuator bit architecture using the proposed attenuator bit selection algorithm and
incorporation of phase compensation techniques.

1. Introduction

Design of the precise amplitude control circuit is very critical in a phased array system. An accurate amplitude
control circuit helps in the effective tailoring of beam pattern. Amplitude can be controlled by using a variable
gain amplifier (VGA) or a digital attenuator circuit [1, 2]. Digital passive attenuator is always preferred over
VGAs in a transmit/receive (T /R) module owing to its bi-directional signal path, simple circuit topologies, ease
of implementation, linearity, low power requirement, low phase error and the requirement of simple control
circuitry. An active phased array system consists of multiple T/R modules with attenuator. So, it is required that
attenuator should have alow RMS amplitude as well as phase error. Accurate amplitude control helps in precise
beam steering, scanning and tracking response [3].

Broadly, attenuators are categorized as [3]: distributed, switched path and switched Pi/T attenuators.
Distributed attenuators are based on the quarter-wavelength transmission line and varistors [4]. They have very
low insertion loss as they do not require any series switch. But distributed attenuator requires highly accurate,
area efficient and low phase error quarter-wavelength transmission lines. Switched-path attenuator offers a very
low phase error but introduces high insertion-loss since a single-pole double throw switch (SPDT) is used in the
signal path [5, 6]. Whereas, switched Pi/T/ T-bridge attenuator circuit [1, 7, 8] topologies offer high linearity [9],
are easy to implement and give an option to select among Pi-, T- or T-bridge topologies depending upon the
requirement of attenuation. In [9], a T-bridge attenuator has been used for realising a 4-bit attenuator and
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demostrated high linearity due to use of series-shunt CMOS transistor. In our work, we have chosen to design
the attenuator using switched Pi/T attenuator circuit.

Apart from insertion loss and attenuation resolution, phase error is one of the major design challenges in the
attenuator realization. It is desired to have low phase-error to achieve better tracking accuracy and minimize the
complex phase calibration. Various design techniques have been proposed for compensating the phase error of
the attenuator. In [1], a series tail capacitor has been used for compensating phase error introduced by Pi- and
T-bridge attenuators, but the T attenuator has not been used with this compensation technique in the design of
attenuator. However, this series tail capacitor also affects the attenuation resolution of the attenuator bit, though
it can be minimized by using high substrate resistor Rs. In [7], additional low-pass or high filter has been used for
correcting the phase. However, this additional filter leads to increase in insertion loss and area of the attenuator.
In [8], a parallel capacitor has been used with shunt resistor to minimize phase error only in T-topology, while
maintaining the insertion-loss. However, there were no reasons for its possible and potential usage for Pi- and
T-bridge topologies. In our design, we have proposed new Pi, T-bridge topologies with parallel-capacitor phase-
compensation and new T-topology for 0.125 dB attenuator bit with series capacitor for phase compensation,
while simultaneously taking care of amplitude error performance.

The main drawbacks of majority of the integrated attenuators [1, 3, 7, 10] proposed in literature are: (i) Non-
availability of any reason for selecting circuit topology for a particular attenuator bit by considering the
associated realization challenges in CMOS technology and, (ii) insufficient consideration towards technology
limitations during the design phase leading to higher insertion loss and RMS phase error. In addition, even after
adopting phase compensation, the RMS phase error reported at the integrated level is poorer than expected for
N-bit attenuator resolution [3, 7, 10]. For example, in case of N-bit core-chip with N-bit integrated phase-shifter
and N-bit attenuator, even though phase shifter RMS phase error is < 1LSB, but if attenuator RMS phase error
is > 1LSB, this will degrade the overall core-chip phase response and vice versa. In [11], X-type attenutaor
topology has been used for realising 23.1-30 GHz attenuator with LSB of 0.5 dB and used additional
compensation circuit to mitigate the process influence. But, in our proposed design, process variation effect has
been overcome by use of proposed bit selection algorithm at the design stage without adding any additional
circuitry and demostrated the attenuator with LSB accuracy of 0.125 dB.

In this paper, we have addressed the challenges in simultaneously achieving the N-bit amplitude and phase
resolution for N > 6 bit attenuator. For achieving the 8-bit amplitude resolution, we have proposed a new bit-
selection algorithm and resistor layout matching, and for getting the N-bit phase resolution, we have introduced
new Pi-, T-bridge topologies with parallel capacitor for phase compensation and new T-topology with series
capacitor for phase compensation. The integrated attenuator is optimized for 8-bit attenuation and phase error
accuracy by the use of the proposed phase compensated bit selection algorithm and resistor layout matching
technique. The designed attenuator has demonstrated 8-bit attenuation precision with 8-bit phase resolution,
i.e., without limiting phase precision of the phased array system severely, with insertion loss < 5.1 dB, RMS
phase and amplitude error < 0.78° and < 0.1 dB respectively, in the target frequency-band. The proposed
attenuator has the highest ever reported attenuation accuracy at minimum insertion loss, RMS phase and
amplitude error. Our work brings out the enhancements in the circuit performance along with the reasoning
and justification for selection of a circuit topology for a particular attenuator bit considering process variation
and limitation of CMOS technology by means of proposed attenuator bit selection algorithm. This work has, for
the first time, introduced the Pi-, T-bridge topologies with parallel-capacitor for phase compensation and new T
topology with series capacitor for phase-compensation.

2.MOS switch configuration

In any of the conventional Pi-, T- or T-bridge attenuator topologies as shown in figure 1, CMOS switch comes in
the signal path and contribute the most to the insertion loss of the attenuator, which requires to be minimised
during the design stage [1].

Insertion loss of CMOS switch can be decreased by increasing the gate-width of the transistor which
decreases on resistance. But this improvement in insertion-loss leads to degradation in isolation, an increase in
the device capacitance, an increase in capacitive coupling to the substrate and increase in phase error of the
attenuator [12, 13].

Considering the trade-off among insertion loss, frequency of operation and device-width, MOS size was
selected by varying the width with frequency. In our design, a high resistance (Rg = 20K(2) has been added in
series with gate [13, 14]. This high Rg helps in improving the linearity, reducing the variation in MOS on-
resistance, improving the isolation between signal and control voltage, reducing the parasitic effect of gate-
source capacitance and gate-drain capacitance, and preventing oxide breakdown and signal leakage. And,
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Figure 1. Conventional attenuator (a) Pi- (b) T-bridge (c) T attenuator topologies.

similarly to minimize the signal loss and capacitive coupling to substrate, a high resistance (Rg = 20 K2) has
been added in the series with substrate [1].

3. Proposed attenuator bit topology selection algorithm

In the attenuator, accuracy of the attenuation level depends upon matching between the resistance used in the
reference and attenuation mode. Integrated passive components such as capacitors, resistors etc give 20% or
more variation in the actual fabricated chip. Thus, designing the attenuator with high amplitude and phase
accuracies is a challenge with components having large process variation and can be overcome by the use of a
proper component dimension selection and layout matching techniques. Mathematically, for two matched
resistors with width W, resistance R, areal deviation k, and peripheral deviation k,, standard deviation is given by

[15].
1 k,
Sp = — . ks + — 1
T w m

From the above, it is clear that deviation will be less for the resistor with high value of resistance and/or with
large width. Hence, to achieve better matching of simulation and measurement results for the required
attenuation level, attenuator bit topology selection is done as per algorithm flow chart in figure 2 and based on
the following criteria:

+ Absolute value of the series and parallel resistors

+ Ratio (R) of the series (Rp) and parallel resistors (Rs) given by equation (2)

+ Possibility of realizing the series and parallel resistors with the same width in a particular bit

R— max(Ry, R;) Q)
min(R,, Ry)

4. Digital attenuator design

Selection of topology for a particular bit has been made using attenuator bit selection algorithm. For the ideal
MOS switch, values of parallel and series resistors used in T, Pi- or T-bridge topologies are given by the
equations (3), (4) and (5), respectively [10]

10A/20 -1 10A/20
Rsr = Zo(iloA/zo n 1)RPT = 220(710/-&/10 . 3)
Zo[ 104710 — 1 104/20 41
Ror = 7( T Al STore @
Rszs = Zo(104/20 — Ry = [— 20 (5)
STB — £0 PT — 10A/2°—1
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Figure 2. Flow chart for attenuator bit topology selection algorithm.

4.1.Design of 16 dB and 8 dB attenuator bit

From equations (3), (4) and (5) we found that, for Pi-attenuator topology in 16 dB and 8 dB attenuator bits, the
absolute value of the resistors is the highest, and ratio (R) of parallel and series resistors is minimum. Hence, as
per proposed bit selection algorithm, the design of 16 dB and 8 dB attenuator bits were done more accurately
using Pi-topology. In order to minimize the mismatch further as per equation (1), both the series and parallel
resistors were realized using large width of 10 pm.

To minimize the phase error, a capacitor, in parallel to shunt resistor, has been used in Pi- topology, since it
corrects the phase error by introducing phase-lead, without affecting the attenuation state. Figure 3(a) shows the
proposed Pi topology used for 16 dB and 8 dB attenuator bits with modified switch configuration and phase
compensation capacitor. As a result of these modifications, 16 dB and 8 dB attenuator bits demonstrated 0.15 dB
and 0.05 dB attenuation errors, and 0.6° and 0.2° phase errors across the target frequency band, as shown in
figure 4. The general terminology for a attenuator bit are, (i) attenuation of a particular bit = Insertionloss of
reference state - Insertion loss of attenuating state, (ii) phase error = phase of reference state - phase of
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Figure 4. Phase error and attenuation of (a) 8 dB (b) 16 dB attenuator bits.

attenuating state, and (iii) amplitude error = attenuation of a particular bit - expected ideal attenuation of

same bit.

4.2.Design of4 dB, 2 dB, 1 dB, 0.5 dB and 0.25 dB attenuator bits

From the equations (3), (4) and (5) we found that, for T and T-bridge of 4 dB to 0.25 dB attenuator bits, the
absolute value of the series resistor is comparatively higher, and the ratio (R) of parallel and series resistors is
minimum. As shown in figure 3, in T-bridge topology, only one series resistor is used, but in T topology, two
series resistors are used. As per equation (1), for better matching, it has been proposed to use the resistors of same
W for all the resistors in a topology. Hence, multiple resistors are used for realizing the small value of resistor in
lower attenuation bits. The use of a series resistor in T-bridge topology helps in minimising the layout-area.
Hence, for designing lower attenuator bits from 4 dB down to 0.25 dB, T -bridge topology has been used.

Apart from this, T-bridge topology also has better input and output matching due to use of characteristic
impedance Ry in the series. Hence, as per proposed selection algorithm, T-bridge topology has been used in
designing attenuator bits from 4 dB till 0.25 dB. Similar to Pi-topology, to achieve low insertion-phase, a
capacitor parallel to shunt resistor has been used in T-bridge topology. Figure 3(b) shows the proposed T-bridge
topology used for 4 dB, 2 dB, 1 dB, 0.5 dB and 0.25 dB attenuator bits with modified switch configuration and

the phase compensation capacitor.

As aresult of these modifications, these attenuator bits demonstrated less than 0.05 dB attenuation errors,
and less than 0.3° phase errors across the target frequency band, as shown in figures 5 and 6(b), (c).

4.3. Design of 0.125 dB attenuator bit

From equations (3), (4) and (5) we found that the minimum value of resistor required is less than 1 for realizing
0.125 dB attenuator bit using conventional Pi-, T- or T-bridge topologies. To design such a low precision
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attenuator bit with such alow value of matched-resistor is practically very difficult. So, we have proposed a new
T-topology without series resistors. Like conventional Pi-, T- or T-bridge topologies, it is not possible to
compensate the phase using a capacitor parallel to shunt resistor since it has phase-lead characteristics. Hence,
for reducing the phase error, in this bit, we have introduced phase-lag by using a series capacitor to shunt resistor
for compensating the phase-lead. Figure 3(c) shows the design of T topology 0.125 dB attenuator bit. The post-
layout simulation result of this proposed 0.125 dB attenuator bit has demonstrated the attenuation and phase
error < 0.03 dB and < 0.3° respectively, across the frequency of operation, as shown in figure 6(a).

5. Integrated 8-bit attenuator design

Design of each attenuator bit was started with the initial values of the series and parallel resistors obtained using
equations (3), (4) and (5), by taking 50 €2 as characteristic impedance (Z,) of input and output port to minimize
the loading effect on integration, and finalized using attenuator bit selection algorithm. To overcome the non-
idealities and parasitics effects on integration of attenuator, the values of the series and parallel resistors have
been re-adjusted to meet the requirement of absolute attenuation and phase error ofless than 1 LSB, i.e.,
0.125 dB, and 1.4 degree, respectively, in the frequency band of operation, i.e., 2.8 GHz to 4.0 GHz. All the 8-bits
of integrated attenuator have been integrated by keeping S;; and S,, values into consideration in such a way that
bits do not get overloaded. In the present design, we have placed the 0.125 dB bit in the centre followed by
attenuator bit with the best values of S1; and S,,. The bits with the best values of S;; and S,, are kept at the end.
To improve the phase error and input/output matching further, we have used a series inductor between
some attenuator bits in the integrated 8-bit attenuator design, as shown in the layout figure [1].
During the integrated post-layout simulation, attenuator bits causing error greater than half LSB, i.e.,
0.06 dB were traced and modified. In the post-layout simulation, bond-wire and pad parasitics models were also
included to achieve better matching with the fabricated chip. For better RF matching and isolation, all the RF
signals were shielded with proper grounding and were routed in top-metal with minimum bends to avoid
reflections.
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Figure 7. Full chip layout picture of integrated attenuator with area: 1.55 mm x 0.35 mm.
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Figure 8. S-parameter of integrated attenuator (a) S1; (b) S5, (¢) S; for all the 256 states.

6. Post-layout simulation results and verification

A fully integrated 8-bit passive digital attenuator has been implemented using 65 nm CMOS technology.
Exhaustive post-layout simulations were carried out for characterizing the performance of the chip. Figure 7
shows the integrated attenuator chip layout with 1.55 mm x 0.35 mm area.

Figure 8 shows the variation of scattering parameters of all the 256 phase states with frequency. In the target
frequencyband, S;; and S,, are < —12 dB. Figure 8(c) shows the variation of attenuation across the 256 states
and the integrated attenuator has insertion loss less than 5.1 dB in the frequency of operation.

Considering the process variation and resistor mismatch in any CMOS process, design of 8-bit attenuator
with low amplitude and phase error is very challenging. To overcome these problems, detailed analysis was done
during the design of each attenuator bit using proposed attenuator bit selection algorithm, and the bit topology
selection was done accordingly. To avoid the mismatch, as per equation (1), the high values of resistor and width
were used across a particular attenuator bit. By the above steps, resistor mismatch will be same in the reference
state as well as in the attenuation state, hence attenuation of the particular bit remains constant. To minimize the
effect of process variation in a particular bit, constant width was used for realizing a series as well as parallel
resistor.

We could thus overcome the limitation of CMOS process variation and resistor mismatch. We have used
shunt or series capacitor in each bit for compensating the lag or lead phase error introduced by the attenuation
bit at the frequency of operation.

Figure 9 shows the variation of normalized phase error, RMS phase and amplitude error of the integrated
attenuator across the 256 states. In 2.8 GHz to 4.0 GHz, normalized phase error is less than 1.8°, RMS phase and
amplitude errors are < 0.78° and < 0.1 dB, respectively. The use of proposed bit selection algorithm and phase
compensation techniques have contributed significantly in achieving such a low RMS phase and amplitude
errors. Since RMS amplitude error is < 0.1 dB, it can be effectively used as an 8-bit attenuator.

In a typical phased array system [1-3], attenuator is positioned before power amplifier and has power
level < 10 dBm. As per analysis across target band of 2.8 GHz to 4.0 GHz and 256 attenuation states, the
integrated attenuator has demonstrated minimum IP; 45 of 414.8 dBm at 2.8 GHz and minimum attenuation
state, as shown in figure 10, due to inherited linear nature of passive Pi- and T-bridge attenuator topology.
However, IP; 45 can be further improved by use of device with higher breakdown voltage or differential circuit as
shownin [9].
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Table 1. Performance summary and comparison.

Reference [3] [71 [8] [12] [14] This work
Technology 250 nm 180 nm 32 nm 180 nm 130 nm 65 nm
BiCMOS CMOS CMOS BiCMOS CMOS CMOS
Topology Switched Pi/T Switched Switched T Switched Pi/ Switched Switched
With iNMPS Pi/T T + distributed path Pi/T
Frequency (GHz) 6-12.5 8-12 10-20 10-67 DC-20 2.8-4
Attenuation 16.51 315 16 dB only 32-43 31 32.1
range (dB)
No. of bits 7 6 1 4 5 8
Max. Insertion 12.7 11.3 0.86 15.2 11 5.1
loss (dB)
S11/S2, (dB) >13 >11 N/A >8.7 >10 >12
IP, 45 (dBm) 12,5 13and 15 N/A N/A 10.2 >14.8
Max. RMS phase 3.5 2.2 N/A N/A 2.5 0.78
error (deg.)
Max. RMS amp. 2.6 0.4 N/A N/A 0.7 0.1
error (dB)
Area (mmz) 0.29 0.34 N/A 0.77 0.5 0.54
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Also, the RMS phase error of this attenuator is less than 1.4°, i.e., LSB of 8-bit phase shifter. Hence, this
attenuator can be integrated with an 8-bit phase shifter without any degradation of the performance of the later.
Table 1 shows a comparison of the designed attenuator performance matrix with other attenuator designs in
literature. It can be clearly observed that the designed attenuator has the lowest values of insertion loss, RMS
amplitude and phase error with the highest number of precision bits.

7. Conclusion

This paper presents a design approach for realizing an 8-bit digital CMOS attenuator design with alow
amplitude as well as phase error. For better attenuation accuracy, we have used an attenuator bit selection
algorithm and selected each attenuator bit topology accordingly. For better phase accuracy, we have, for the first
time, introduced Pi- and T-bridge topology with parallel capacitor for phase compensation and anew T
topology with series capacitor for phase compensation. Special consideration was given for the device, resistor
size selection and layout matching techniques. The proposed attenuator bit selection algorithm provides suitable
reasoning and justification for the selection Pi-topology for 16 dB and 8 dB, T-bridge topology for 4 dB till
0.25 dB and T topology for 0.125 dB attenuator bits. The integrated 8-bit attenuator has a chip area of
1.55 mm X 0.35 mm, with the values of input and output matching < —12 dB, IP; 4g of > +14.8 dBm, insertion
loss less than 5.1 dB, RMS phase and amplitude error < 0.78° and < 0.1 dB respectively, in the target band of
2.8 GHzto 4.0 GHz.

As per the validated post-layout results, the designed attenuator has the highest attenuation precision bits,
the lowest RMS phase and amplitude error in 2.8 GHz to 4.0 GHz. The proposed bit selection algorithm is
expected to be very useful for future switched Pi/T attenuator designs.

ORCIDiDs

Vijay Kumar ® https:/orcid.org/0000-0003-4970-5899
Sai Saravanan G @ https: //orcid.org/0000-0002-5442-3733

References

[1] ZhangLetal2017 A CMOS K-Band 6-bit attenuator with low phase imbalance for phased array applications IEEE Access 5 1965761
[2] ZhangX et al2017 A Kuband 4-Element phased array transceiver in 180 nm CMOS Proc. of IEEE Int. Microw. Symp. 49
[3] DavulcuM et al 2016 7-Bit SiGe-BiCMOS step attenuator for X-Band phased-array RADAR applications IEEE Microw. Wireless Comp.
Lett. 26 598-600
[4] Min B and Rebeiz G M 2007 A 10-50 GHz CMOS distributed step attenuator with low loss and low phase imbalance IEEE J. Solid-State
Circuits 45 2547-54
[5] Mikul A et al 2012 Compact low phase imbalance broadband attenuator based on SiGe PIN diode Proc. of IEEE Int. Microw. Symp.
17-22
[6] TayraniR etal2003 A Broadband SiGe MMIC:s for phased-array RADAR applications IEEE J. Solid-State Circuits 38 146271
[7] KuB and Hong S 2010 6-bit CMOS digital attenuators with low phase variations for x-band phased-array Systems IEEE Trans. Microw.
Theory Tech. 58 1651-63
[8] Sun P 2014 Analysis of phase variation of CMOS digital attenuator IET Elect. Lett. 50 1912—4
[9] AbdallaIL,Jia H and Pokharel RK 2018 A DC-2.5 GHz high linearity CMOS attenuator in a 0.18 ym technology Procedia
Manufacturing22 591-7
[10] Bae], LeeJand Nguyen C 2013 A 10-67 GHz CMOS dual-function switching attenuator with improved flatness and large attenuation
range IEEE Trans. Microw. Theory Tech. 61 4118-29
[11] Wan], ChenZand Wang X 2017 A CMOS digital step X-type attenuator with low process variations IEICE Electronics Express 14 1-6
[12] Paek] S, Lee HY and Hong S 2011 Analysis and design of CMOS amplitude modulator with digitally controlled variable attenuator
IEEE Trans. Microw. Theory Tech. 59 727-39
[13] Min B W and Rebeiz G M 2008 Single-ended and differential Ka band BICMOS phased array front-ends IEEE J. Solid-State Circuits 43
2239-50
[14] ChoMK, Baek D and Kim J G 2013 DC-20 GHz 5-bit CMOS digital step attenuator with low insertion loss and phase error Wiley
Microwave and Optical Technology Letter 55 762—4
[15] Hastings A 2001 The Art of Analog Layout 2nd edn (United States of America: Prentice Hall Press)



https://orcid.org/0000-0003-4970-5899
https://orcid.org/0000-0003-4970-5899
https://orcid.org/0000-0003-4970-5899
https://orcid.org/0000-0003-4970-5899
https://orcid.org/0000-0002-5442-3733
https://orcid.org/0000-0002-5442-3733
https://orcid.org/0000-0002-5442-3733
https://orcid.org/0000-0002-5442-3733
https://doi.org/10.1109/ACCESS.2017.2750203
https://doi.org/10.1109/ACCESS.2017.2750203
https://doi.org/10.1109/ACCESS.2017.2750203
https://doi.org/10.1109/LMWC.2016.2585565
https://doi.org/10.1109/LMWC.2016.2585565
https://doi.org/10.1109/LMWC.2016.2585565
https://doi.org/10.1109/JSSC.2007.907205
https://doi.org/10.1109/JSSC.2007.907205
https://doi.org/10.1109/JSSC.2007.907205
https://doi.org/10.1109/MWSYM.2012.6259653
https://doi.org/10.1109/MWSYM.2012.6259653
https://doi.org/10.1109/MWSYM.2012.6259653
https://doi.org/10.1109/JSSC.2003.815933
https://doi.org/10.1109/JSSC.2003.815933
https://doi.org/10.1109/JSSC.2003.815933
https://doi.org/10.1109/TMTT.2010.2049691
https://doi.org/10.1109/TMTT.2010.2049691
https://doi.org/10.1109/TMTT.2010.2049691
https://doi.org/10.1049/el.2014.2640
https://doi.org/10.1049/el.2014.2640
https://doi.org/10.1049/el.2014.2640
https://doi.org/10.1016/j.promfg.2018.03.086
https://doi.org/10.1016/j.promfg.2018.03.086
https://doi.org/10.1016/j.promfg.2018.03.086
https://doi.org/10.1109/TMTT.2013.2288694
https://doi.org/10.1109/TMTT.2013.2288694
https://doi.org/10.1109/TMTT.2013.2288694
https://doi.org/10.1587/elex.14.20170761
https://doi.org/10.1587/elex.14.20170761
https://doi.org/10.1587/elex.14.20170761
https://doi.org/10.1109/TMTT.2010.2097602
https://doi.org/10.1109/TMTT.2010.2097602
https://doi.org/10.1109/TMTT.2010.2097602
https://doi.org/10.1109/JSSC.2008.2004336
https://doi.org/10.1109/JSSC.2008.2004336
https://doi.org/10.1109/JSSC.2008.2004336
https://doi.org/10.1109/JSSC.2008.2004336
https://doi.org/10.1002/mop.27448
https://doi.org/10.1002/mop.27448
https://doi.org/10.1002/mop.27448

	1. Introduction
	2. MOS switch configuration
	3. Proposed attenuator bit topology selection algorithm
	4. Digital attenuator design
	4.1. Design of 16 dB and 8 dB attenuator bit
	4.2. Design of 4 dB, 2 dB, 1 dB, 0.5 dB and 0.25 dB attenuator bits
	4.3. Design of 0.125 dB attenuator bit

	5. Integrated 8-bit attenuator design
	6. Post-layout simulation results and verification
	7. Conclusion
	References



