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Abstract: This paper presents an ultra-wideband, low insertion loss, and high accuracy 6-bit digi-
tal step attenuator (DSA). To improve the accuracy of amplitude and phase shift of the attenuator,
two innovative compensation structures are proposed in this paper: a series inductive compensa-
tion structure (SICS) designed to compensate for high frequency attenuation values and a small bit
compensation structure (SBCS) intended for large attenuation bits. Additionally, we propose inser-
tion loss reduction techniques (ILRTs) to reduce insertion loss. The fabricated 6-bit DSA core area
is only 0.51 mm?, and it exhibits an attenuation range of 31.5 dB in 0.5 dB steps. Measurements re-
veal that the root-mean-square (RMS) attenuation and phase errors for the 64 attenuation states are
within 0.18 dB and 7°, respectively. The insertion loss is better than 2.54 dB; the return loss is better
than —17 dB; and the input 1 dB compression point (IP1 dB) is 29 dBm at IF 12 GHz. To the best
of our knowledge, this chip presents the highest attenuation accuracy, the lowest insertion loss, the
best IP1dB, and a good matching performance in the range of 2-22 GHz using the 0.25 um GaAs
p-HEMT process.

Keywords: digital step attenuator; GaAs; insertion loss reduction technique; series inductive
compensation structure; small bit compensation structure

1. Introduction

Attenuators serve as a crucial component in RF communication, radar, and measure-
ment systems. Their primary function is to provide amplitude control, including linearity
adjustment and damage protection [1,2]. The phased array system, with its high precision
beam pointing, fast beam synthesis, and scanning capability, is widely used in modern RF-
integrated systems such as radar remote sensing and low orbit broadband satellite commu-
nications. In phased-array systems, attenuators are required for high accurate amplitude
control to obtain lower side lobe levels, better null points, and higher beam sharpness.
Digital step attenuators (DSAs) show superior switching speed, reduced power consump-
tion, enhanced linearity, minimal current variation, precise amplitude control, and dimin-
ished amplitude/phase change characteristics when compared to variable gain amplifiers.
Furthermore, digital attenuators demonstrate higher attenuation accuracy, an improved
voltage standing wave ratio, and a broader attenuation dynamic range when compared to
continuous variable attenuators [3-6].
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In passive DSAs, three primary topologies have been investigated in the literature:
distributed, switched path, and switched T-/n-type attenuators [7-13], where, TL is a A/4
microstrip line, Ms is a series transistor, Mp is a parallel transistor, Rs is a series branch re-
sistor, Rp is a parallel branch resistor, and Vc and Vc are a pair of complementary voltages
for controlling the on and off of the transistor.

Switched path attenuators use single-pole-double-throw (SPDT) switches to steer the
signal path between a thru line and a resistive network, as shown in Figure 1a. This topol-
ogy provides low phase variation over attenuation states, but it shows high insertion losses
at reference states due to the cumulative losses of all SPDT switches for a multi-bit design,
and it occupies a large chip area [7,8].
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Figure 1. Topologies of DSAs. (a) Switched path attenuator. (b) Distributed attenuator. (c) Switched
T/m attenuators.

Distributed attenuators do not have series switches in the signal path and therefore
have the advantage of low insertion loss, as shown in Figure 1b. However, they show
lower maximum attenuation values and larger chip sizes [9,10].

Switched T-/m-type attenuators show low IL, high maximum attenuation, and com-
pact size, as shown in Figure 1c. However, they still show relatively large attenuation
variation and phase variation at higher frequencies, which can limit fine amplitude control
in broadband applications [11-13].

The primary source of errors in the amplitude and phase of switched T-/m attenuators
is attributed to the parasitic capacitance (Coff) of switching transistors [14]. In order to min-
imize the Coff-induced errors and improve the accuracy of the attenuator amplitude and
phase, several compensation structures have been proposed recently. References [15,16] in-
troduced a parallel capacitive compensation structure that transforms the attenuator into a
two-pole, two-zero system, significantly reducing phase error. However, the insertion loss
of this structure rapidly deteriorates with frequency increase. At 6 GHz, the insertion loss
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reaches 2.3 dB and 4 dB, respectively. Consequently, this structure is unsuitable for ultra-
wideband attenuators. Adding a tail capacitor in the shunt branch was reported in [17], but
this series capacitor limits the bandwidth, counteracting the benefits of the switched-type
topology. The inductive compensation structure shows a lower insertion loss compared to
the capacitive compensation structure. A parallel inductive compensation structure was
introduced by reference [18]. However, the inductor is parallel to the resistance network,
resulting in a smaller attenuation value. To address this issue, additional series resistance
needs to be incorporated, thereby increasing circuit complexity. Furthermore, as frequency
increases, the impact of the phase lag in the parallel inductive compensation structure grad-
ually diminishes. Therefore, this structure is only suitable for low-frequency applications.
Consequently, the challenge arises with increasing bandwidth to maintain high linearity,
low insertion loss, compact area, and minimal amplitude and phase error concurrently.

In this paper, we propose two innovative compensation structures: a series induc-
tive compensation structure (SICS) designed to compensate for high frequency attenuation
values and a small bit compensation structure (SBCS) for large attenuation bits. Addition-
ally, this study adopts a simplified T-type structure and low-pass compensation structure,
which not only reduces the insertion loss but also greatly improves the matching perfor-
mance. Building upon the aforementioned innovations, the proposed 6-bit DSA shows
ultra-low insertion loss, excellent attenuation accuracy, high power capacity, and com-
mendable matching performance.

This paper is structured as follows:

In Section 2, we give an in-depth analysis of the conventional switch T-/7t structure, de-
riving optimal resistance values for each attenuation topology to avoid undesired
impedance mismatch.

In Section 3, we explain the limitations of conventional digital attenuator design.

In Section 4, we propose a series inductive compensation structure and a small bit
compensation structure to effectively extend the operating bandwidth of the attenuator
and reduce the additional phase shift.

In Section 5, we propose two methods to reduce the insertion loss, which reduce the
insertion loss by 50%.

In Section 6, we cascade the six attenuation bits to maximize performance over the
entire bandwidth (from 2 GHz to 22 GHz).

In Section 7, we present the measurement results of the chip and compare with other
recently published broadband digital attenuators. The measurement results show that the
DSA proposed in this paper can achieve ultra-wideband operation from 2 GHz to 22 GHz
with high amplitude tuning accuracy (i.e., <0.18 dB RMS amplitude error) and low phase
error (i.e., <7° RMS phase error). Therefore, the proposed DSA can meet the requirements
of multi-band phased array systems.

2. Design Method of Conventional Switched Type Attenuators

Conventional attenuators of the switched type typically show three prevalent topolo-
gies: T-type [19-25], simplified T-type [4-6,26,27], and m-type [24-31] structures. Each
topology is capable of functioning in two distinct states: reference state and attenuation
state. The disparity in loss between these two states constitutes the relative attenuation.
Given that these three topologies display varying attenuation characteristics, their selec-
tion necessitates careful consideration to design specific attenuation bits. Although the
resistances of the three topologies can be found in [6,32], calculations ignoring transistor
losses are inaccurate for switching attenuators. In this section, we derive the optimal atten-
uation resistance values considering transistor losses.

2.1. Conventional T-Type Attenuator

Figure 2 shows the conventional T-type attenuation structure and its equivalent cir-
cuits.
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Figure 2. (a) Schematic diagram of the conventional T-type attenuation structure and its equivalent
circuits. (b) Reference state. (c) Attenuation state.

In the reference state, transistor Ms is on, and transistor Mp is off. The insertion loss
is determined by the on-resistance of transistor Ms and the series resistance Rs. Conse-
quently, the corresponding transmission S-parameter can be expressed as follows:

RsRs,on
ZRS + Rs,on)ZO + RsRs,on

So1,ReF-T =1 — ( )
where Rs,on represents the on-resistance of the transistor Ms, and Z0 is the characteristic
impedance.

In the attenuation state, transistor Ms is off, and transistor Mp is on; the insertion loss
is determined by the T-type attenuation network and the on-resistance of transistor Mp.
Consequently, the corresponding transmission S-parameter can be expressed as follows:

2ZO(RP + Rp,on)
S21,ATT-T = 5 5 (2)
2(Zo + Rs)(Rp + Rp,on) +2ZoRs + Zo* + Rs
where Rp,on represents the on-resistance of the transistor Mp.
The relative attenuation AS21 can be expressed as follows:
_ S21REF-T
ASy = o——— ©)

So1,ATT-T

Furthermore, it is imperative that the S11 of both the reference state and attenuation
state be as minimal as possible to ensure impedance matching. Notably, the transistor Ms,
typically larger in size, is designed to minimize insertion loss. Consequently, this results
in a superior impedance matching of the reference state. The S11 of attenuation state can
be expressed as follows:

ZRS(Rp + Rp,on) + Rs2 - ZO2

SULATT-T = 4)
AT 2ZO<Rp + Rp,on) + ZZORS + ZRs(Rp + Rp,on) + Rs2 + Zoz
When the value of Sy7 s4r7.7 =0, it allows for the computation of the following:
Zo(1-=S5 _
R, = o( 21,ATT-T) )
(14 Sa1,a17-71)
2Z0Sx1,ATT-T
Ry=—F———"—R (6)
p p,on
(1- S%l,ATT—T>

Based on (1), (3), (5), and (6), we can calculate Rs and Rp under the optimal impedance
matching condition.
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2.2. Simplified T— Type Attenuator

When the value of attenuation is small, the resistance of the series resistor Rs in the
T-type structure is also small. Taking the 0.5 dB attenuation bit as an example, we find that
the resistance of the series resistor Rs in the T-type structure is only 1.34 (), which means
that the microstrip line can be used to replace the series resistor Rs.

Figure 3 shows the simplified T-type structure and its equivalent circuits. In this con-
figuration, Cp,off represents the equivalent capacitance of the parallel transistor in its off
state, while Rp,on denotes the on resistance during the parallel transistor’s on state. The
simplified T-type design eliminates both the series resistor Rs and the series transistor Ms
found in conventional T-type structure. This allows for targeted attenuation by solely ad-
justing Rp and Mp [26,27]. Notably, this architecture boasts reduced insertion loss and a
compact layout area.

RFin —— RFout RFin RFout RFin —— RFout
mpJ-ve - =
Cp,off Rp,on

=Rp =Rp =Rp
= (a) = (b) = ()

Figure 3. (a) Schematic diagram of the simplified T-type attenuation structure and its equivalent

circuits. (b) Reference state. (c) Attenuation state.

In the reference state, the transistor Mp is turned off, and the signal to ground shows a
high resistance state; at this time, the insertion loss tends to be close to zero. Conversely, in
the attenuation state, the transistor Mp is on, and the signal leaks to the ground to achieve
the attenuation. The resistance value of Rp can still be obtained by (6).

2.3. Conventional rt-Type Attenuator

As can be seen from (4), as attenuation increases, Rp diminishes, and the return loss
of the T-type structure deteriorates. Notably, when the attenuation reaches 8 dB, there is a
marked deterioration in the return loss, indicating that the T-type structure is not suitable
for large attenuation bits. In contrast, the 7-type structure shows greater suitability for
large attenuation bits. Figure 4 shows the conventional n-type structure and its equivalent
circuits.
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Figure 4. (a) Schematic diagram of the 7-type attenuation structure and its equivalent circuits. (b)
Reference state. (c) Attenuation state.
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In the reference state, transistor Ms is on, and transistor Mp is off. The insertion loss
is determined by the on-resistance of transistor Ms and the series resistance Rs. Conse-
quently, the corresponding transmission S-parameter can be expressed as follows:

R; Rs,on

So1,REF-m = 1— ’
21,REF—7 2(Rs + Rson)Zo + RsRs on 7

In the attenuation state, transistor Ms is off, and transistor Mp is on; the insertion loss
is determined by the T-type attenuation network and the on-resistance of transistor Mp.
Consequently, the corresponding transmission S-parameter can be expressed as follows:

2Zo(Rp + Rpon)

®)
(ZZO + Rs)(Rp + Rp,on)z + (2Rp + ZRp,on + Rs)ZO2

So1,ATT—n =

The relative attenuation AS21 can be expressed as follows:

S21,REF—7n ©)

ASy =
521,ATT—r
The S11 of attenuation state can be expressed as follows:

RS(RP + RP,OH)Z - ZO2 (2Rp + 2Rp,on + Rs)
(Rs +2Z0)(Rp + Rpon)* +2Z0(Rs + Zo) (Rp + Rpon) + RsZ?

(10)

S11,ATT—n =
Similarly, when the value of S11,ATT-mt = 0, it allows for the computation of the fol-

lowing.
The relative attenuation AS21 can be expressed as follows:

2
ZO(l - 521,ATT—7r)

R. —
’ 2501, ATT—n

(11)

R — Zo(14 So1,aT7—7)
P (1 —S1,4T7-7)

— Rp,on (12)

Based on (7), (8), (11), and (12), we can calculate Rs and Rp under the optimal impedance
matching condition.

3. Limitations of Conventional Structures

In general, attenuation bits with large attenuation values contribute large amplitude
and phase variations and limit the bandwidth. In this section, the limitations of the con-
ventional structure are analyzed using a conventional 7t-type attenuator as an example.

Figure 4 shows the equivalent circuit of the conventional 7-type attenuator. Consid-
ering the parasitic capacitance of the transistor, the equivalent circuit of the reference state
can be considered as a low-pass filter with phase lag, and the parasitic capacitance Cp,off
of the shunt transistor will cause the leakage of the high-frequency signal to ground. Con-
versely, the equivalent circuit of the attenuation state can be considered as a high-pass filter
with phase advance, and the high-frequency signal can be directly output through the par-
asitic capacitance Cs,off of the series transistor. Consequently, the presence of Cs,off and
Cp,off leads to a relative attenuation value that is less than the ideal one, accompanied by
an additional phase shift exceeding 0°.

The transmission matrix for a conventional 7-type structure in the reference state is
given by the following (13):

1 + wch’ofszpR,;,gnRs + ijp,offRslonRs RSRS/OH
B — Rs+Rs,on Rs+Rs,on ) ) Rs+Rson (13)
D 2 2 RsRson . w Cp,nff RpRs,0nRs jwcp,gffRS,DnRS
20°Cpof (Rp = mRe, ) + 120Cp0rr 1+ =R T~ Re¥Roan



Appl. Sci. 2024, 14, 3887 7 o0f 15
The corresponding transmission S-parameter is given by the following (14):
2 1
S = (— - (14)
—— RS DYIRS . wc 1,0 RS,OHRS ;
Atz T20C+D T 14 et (W2Chop R + jwCoff + 27;) + WZoCpof s (WCpoprRp — "R + )
where Cp,off is the parasitic capacitance in the off state of the parallel transistor.
The transmission phase in the reference state can be expressed as follows:
1 2wzgcp,off(Rs,on + Rs)z(Rs,onRs + Rs,onz(% + RSZ%)
QR ~ —tan (15)
Rs,on R;
Similarly, the transmission phase in the attenuation state can be expressed as follows:
wCs,ff(Z5 + RponR
¢a~ —tan"! soff(Zg porRp) (16)

2 2
2R;nZ3 + 2R, 23

where w? Cs,oﬁcz Rs? and w? Cp,GﬁZ sz are omitted to simplify the calculations.
In order for the transmission phase difference to be zero, the following equation must be satis-
fied:
Ap=¢a—¢r=0 17)
The transmission phase ¢ is less than or equal to 0, while ¢4 is greater than or equal to 0°.
Therefore, to achieve zero transmission phase difference, the following relationship should be satis-
fied:
pa=9¢r=0 (18)
However, the parasitic capacitance of the transistor cannot be zero, so the phase of the atten-
uation state of the conventional 7t-type topology is always ahead of the phase of the reference state.
Additionally, as the frequency increases, the reactance of the capacitor decreases, which can exacer-
bate the amplitude and phase errors between the two states.

4. Design of the Proposed Structures

In this section, we propose two innovative compensation structures: a series inductive compen-
sation structure (SICS) designed to compensate for high frequency attenuation values and a small
bit compensation structure (SBCS) for large attenuation bits. The proposed compensation structures
effectively broaden the bandwidth of the attenuator and reduce the high-frequency additional phase
shift. Furthermore, the compensation structures are equally applicable to T-type attenuators.

4.1. Series Inductive Compensation Structure (SICS)

Figure 5 shows the modified m-type attenuator with a series inductive compensation structure
and its equivalent circuits for the reference and attenuation states.

1 ve Rs,on Cs,off

AN
Yyy

RFin RFout RFin—H{I1-MW\-100+ RFout RFin
Ls Rs Ls Ls Rs Ls

velbme  mpdbe 'L Y L
\ Cp,off \Cp,off

=
- (a) - - (

v
Figure 5. (a) Schematic diagram of the modified m—type attenuator and its equivalent circuits. (b)

\

Rp Rp

| Re
by =

Reference state. (c) Attenuation state.

For the amplitude, when the resistance Rs is connected in series with two inductors Ls, the resul-
tant total impedance becomes Rs + 2jwLs. Notably, the total impedance value escalates in correlation
with the frequency, thereby compensating for the attenuation values at high frequencies.

For the phase, the transmission phases gr and ¢4 in the reference and attenuation states of
SICS can be written as (1) and (2), respectively.
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2((Rs,0n2 + 4w2Lst,offZO(ZO + Rs,on))Ls + (ZORs,on2 + RsRs0n(Rson +4Z9) + RS2(ZO + Rs,on))ZOCp,off)w

pr = —tan"}( > 5 5 > 5 ) (19)
(2Zg + Rs)Rson” +4Rs,0nRs” + 2(Rs” + 2RsRs,0n) Zo — 2w?Ls(2C, o 7f Rson”Zo — 2LsRson — 4LsZp)
— tan (Csyo fRSZ + 1202 Ls2Cy £ —2Ls)(Rp + Zo)w) 20)
P4 = (R<Rp + ZoRs + 4ZgRy) (1 — 40?LsCyoy7)
The inductor required to realize (17) is derived as follows:
1- \/1 — 16W2R2C, o
Lg = (21)

szcsloff

Figure 6 shows the simulated relative attenuation and additional phase shift versus frequency
for different Ls values of the 8 dB modified 7-type attenuator. As the value of compensation in-
ductance Ls increases, both the relative attenuation value and additional phase shift progressively
approach ideal values. Selecting the appropriate Ls, the attenuation bandwidth can be broadened,
and the additional phase shift can be optimized. This paper uses microstrip lines instead of series
inductors to achieve compensation functions.

25 T T T T T T T T T
Sweep Ls : 0— 0.08 nH
204|Step : 0.02 nH ]

Sweep Ls : 0— 0.08 nH

Additional Phase Shift (°)

<
= 7.2 1
é Step : 0.02 nH
70— -
2 4 6 8 10 12 14 16 18 20 22 2 4 6 8 10 12 14 16 18 20 22
Frequency (GHz) Frequency (GHz)

(a) (b)

Figure 6. Simulated (a) relative attenuation and (b) additional phase shift using SICS for different Ls
values.

It is worth noting that Ls has little effect on the low-frequency performance, which is critical for
designing ultra-wideband attenuators.

4.2. Small Bit Compensation Structure (SBCS)

The conventional method to achieve a 16 dB attenuator is to cascade two 8 dB conventional
mi-type attenuators. However, there are many parasitic parameters in the n-type structure, and the
parasitic effect will cause errors in the high frequency attenuation and additional phase shift. Cas-
cading two 7-type attenuators will accumulate these errors and deteriorate matching performance.
The matching performance of the conventional T-type structure deteriorates with the increase of
attenuation, which will lead to the deterioration of the performance of the whole 6-bit DSA.

Figure 3a shows the simplified T-type structure, which has the dual capability of compensat-
ing attenuation and minimizing insertion loss. Notably, the attenuation values of both the T-type
and 7t-type structures diminish with increasing frequency. In contrast, the attenuation value of the
simplified T-type structure escalates with frequency, enabling a small bit compensation through its
utilization. Specifically, a modified m-type and T-type attenuator is employed to achieve most of
the attenuation firstly, and a simplified T-type attenuator is then inserted between them to compen-
sate for the high-frequency attenuation and further improve the matching performance, as shown in
Figure 7.
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Figure 7. Schematic of 16 dB attenuator with small bit compensation structure.

Figure 8 shows the comparison of simulation results for these two structures, where, the dashed
line represents the simulation results of the conventional structure, and the solid line represents the
simulation results of the small bit compensation structure proposed in this paper. The simulation
results show that the implementation of SBCS enhances the high-frequency attenuation value of a
16 dB attenuator by 1.2 dB, significantly broadening the operating bandwidth of the attenuator. Fur-

thermore, it substantially improves the return loss.
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Figure 8. Simulation results of conventional structure and SBCS. (a) Relative attenuation and (b)
return loss.

The SBCS offers an effective design strategy for the creation of attenuators with large attenua-
tion value.

5. Insertion Loss Reduction Techniques (ILRTs)

The primary sources of DSA insertion loss are twofold: the transistor on-resistance and reflec-
tion between multiple attenuation bits. Consequently, this paper proposes ILRTs to minimize circuit
insertion loss and enhance matching performance.

5.1. Simplified T-Structure

The insertion loss of a conventional T-type attenuator is related to the on-resistance of the series
transistors. While the on-resistance of series switches is unavoidable in a switching T-type topology,
in some cases, the series transistors can be removed without loss of functionality.

Figures 2a and 3a show the T-type and simplified T-type structure, respectively. The simplified
T-type structure removes the series transistor Ms and series resistors Rs, which greatly reduces the
insertion loss.

Figure 9 shows the insertion loss of the simplified T-type and the T-type attenuators, where, the
dashed line shows the simulation results for the conventional T-structure and the solid line shows
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the simulation results for the simplified T-structure. The result shows that the insertion loss of the
simplified T-type structure is reduced by 1.15 dB. In this paper, both 0.5 dB and 1 dB attenuation bits
use the simplified T-type structure, which reduces the insertion loss of the 6-bit DSA by 2.3 dB.

00'==—L I T T T T
0.2+ —Sim-T .
/g
T o4l —Con-T |
w2
g
o 0.6 E
s
= -0.8+ .
E
2
= -1.0-__ .
i - - - .

-1.21 == -

2 4 6 8 10 12 14 16 18 20 22
Frequency (GHz)

Figure 9. Comparison of insertion loss between T-type and simplified T-type attenuators.

5.2. Low-Pass Inductive Compensation Structure

When cascading attenuation bits, the parasitic capacitance of transistors causes mismatch, which
results in reflected signal power and causes unnecessary loss. Since the transistor parasitic capaci-
tance forms a high-pass structure, we aim to construct a low-pass filter to compensate for its tendency
to change; thus, we connect inductors in series at the input and output of the m-type structure to re-

alize the low-pass filtering function, and the mt-type topology of the structure employing low-pass
inductive compensation is shown in Figure 10a.

A4 ve Rs,on

o —W—

Ms

RFin—T: MW M— RFout RFin—" Wy MN0— RFout
Liow Rs Liow Liow Rs Liow

VelMp  Mpd-ve - -
Cp,off Cp,off

Rp Rp

Rp Rp

(a) (b)

Figure 10. (a) 7-structure with low-pass inductive compensation and its equivalent circuit. (b) Ref-
erence state.

Figure 10b shows the equivalent circuit of Figure 10a in its reference state. Llow, Cp,off, Rs,on
and Rs form a low-pass filter.

Figure 11 shows the insertion loss before and after using low-pass inductive compensation
structure to the conventional 8 dB m-type attenuator. Low-pass inductive compensation structure
reduces the insertion loss from —1.36 dB to —0.92 dB, effectively compensating for the circuit’s capac-
itive losses. This paper uses microstrip lines instead of inductors to achieve compensation functions.
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Figure 11. Comparison of insertion loss between the 7-type attenuator before and after using low-
pass inductive compensation structure.

6. Implementation of The Six-Bit DSA

Figure 12 shows the complete schematic of the 6-bit DSA, which has an attenuation range of
up to 31.5 dB in 0.5 dB steps. The 0.5 dB and 1 dB attenuation bits use a simplified T-type structure
to minimize insertion loss; the 2 dB and 4 dB attenuation bits use a modified T-type structure based
on SICS; the 8 dB attenuation bit uses a modified n-type structure based on SICS; and the 16 dB at-
tenuation bits use an innovative multi-type structure based on SBCS to minimize amplitude errors
and phase fluctuations. Since the parasitic capacitance associated with the transistors and the inter-
connection structures presents a negative imaginary impedance, this shifts S;; and Sy, down along
the 50 ) circle on the Smith chart. Inserting series inductors Lm between bits improves the match-
ing characteristics, thereby maximizing operational bandwidth. In this paper, transmission lines are
used instead of inductors. In addition, the transistors in each attenuation bit are optimized to achieve
a balance between insertion loss and phase error.

16 dB

Lm1=0.159 nH

Lm2 =0.059 nH

Lm8 =0.081 nH
Lm9 =0.163 nH

Lm3=0.039nH Ls1=0.056 nH

RFin  Lm4=0.073nH Ls2=0.036 nH
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Figure 12. Schematic of the 6-bit DSA.

7. Measurement Results

Figure 13 shows the chip micrograph of the proposed 6-bit DSA implemented by a 0.25 um
GaAs process, with a core area of 0.51 mm?. The chip integrates a positive voltage controller and
realizes compatibility with conventional CMOS TTL control voltage.
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Figure 13. Micrograph of the proposed 6-bit DSA.

To evaluate the performance of the DSA, the root mean square (RMS) amplitude/phase error is
defined as follows:

‘ 1 =2l
RMS_Amplitude_Error = \j " (RA; measured — RA; ideat)” (22)
i=1
1 i=2"—1 5
RMS_Phase_Error = on_1q Z (‘Pi_meusured - ‘Pref) (23)
i=1

where RAi_measured and RAi_iedal are the relative attenuation values measured at statei and the ideal
relative attenuation value of state i, respectively. Similarly, ¢i_measured and ¢ref are the additional
phase shift measured at state i and the reference state, respectively.

The electrical properties of the chip were measured on-chip using a Cascade probe station, an
ACP-GSGI50 microwave probe, an Agilent 5227B vector network analyzer, a digital multi-channel
power supply, and a DC bias power supply. The DC bias voltage applied to the chip, along with the
truth table for the digitally controlled power supply, is detailed in Table 1, where 0 represents 0 V,
and 1 represents 5 V. This configuration enables the chip to attain 64 states by changing the control
voltages.

Table 1. Bias Voltage and Truth Table.

Digitally Controlled Voltage

Bias Voltage/V Status
Vcl Ve2 V3 Vcd V5 Vco6

-5 0 0 0 0 0 0 0dB
-5 0 0 0 0 0 1 0.5dB
-5 0 0 0 0 1 0 1dB
-5 0 0 0 1 0 0 2dB
-5 0 0 1 0 0 0 4dB
-5 0 1 0 0 0 0 8 dB
-5 1 0 0 0 0 0 16 dB
-5 1 1 1 1 1 1 31.5dB

Figure 14 shows the results for this chip. Figure 14a shows the measured relative attenuation
of all 64 states, with no overlap. Figure 14b shows the measured insertion loss of —2.54 dB. This
remarkably low insertion loss can be primarily ascribed to ILRTs. Figure 14c shows the measured
RMS amplitude and phase errors, which are within 0.18 dB and 7°, respectively, exhibiting the lowest
amplitude error with small phase error between in 2 to 22 GHz in the GaAs process. As expected,
the phase error increases when the frequency is increased. However, the additional phase shift is
greatly reduced due to the use of series inductive compensation structures. Figure 14d,e show the
measured return loss, and the return loss of all 64 states is better than —17 dB, indicating excellent
matching performance. Figure 14f shows the measured power capacity at the reference state with
the input 1 dB compression point (IP1 dB) of 29 dBm at IF 12 GHz, indicating that the DSA has a
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sufficiently high-power performance to notbe a limiting factor in the linearity of the phased array
system.
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Figure 14. (a) Measured relative attenuation. (b) Simulated and measured RMS amplitude and phase
errors. (c) Simulated and measured insertion loss. (d) Measured input return loss. (e) Measured
output return loss. (f) Simulated and measured IP1 dB at 12 GHz.

Table 2 presents the comparison of the designed DSA with the published attenuators with state-
of-the-art performance. The results show that the proposed DSA shows the best performance in
terms of insertion loss, RMS amplitude error, return loss, linearity, and FOM.

Table 2. Comparison of The Prior-Art Attenuators.
Reference [33] [34] [35] [6] This Work
Technology GaAs GaAs GaAs CMOS GaAs
BW (GHz) 6-18 5-18 DC-23 DC-20 2-22
Range (dB) 31.75 31.5 31.5 31.5 31.5
IL (dB) 9 6.2 6.2 74 2.6
RMS Amp error (dB) 0.6 1.1 0.35 0.37 0.18
RMS Phase error (°) 5 2 5 4 7
RL (dB) 12 8 10 12 17
IP1dB (dBm) N/A 24 N/A 10 29
Area (mm?) 54 3.75 0.47 0.98*/0.14 0.51
FOM * 169 240 668 690 3269

BW x Range x RL
IL x RMS AmpErr x RMS PhaseErr *

* with pads and non-active space. # FOM =

8. Conclusions

In this paper, insertion loss reduction techniques reduce the insertion loss of 6-bit DSA by 50%;
series inductive compensation and small bit compensation structures are innovatively proposed to
greatly broaden the bandwidth of the attenuator and effectively improve the return loss. To the best
of our knowledge, the fabricated DSA shows the lowest insertion loss, optimal impedance matching,
the highest attenuation accuracy and linearity, and the best FOM using the 0.25 um GaAs process
and is suitable for wideband phased array systems.
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