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ABSTRACT In this study, a 3-bit digital step attenuator (DSA) based on the GaN HEMT process was
designed. A distributed structure was adopted to secure stable RF characteristics within a given operating
frequency band. To suppress the phase variation according to the attenuation level in the distributed structure,
a technique that utilizes a tail capacitor connected in series with a switch transistor has been proposed.
The theoretical functionality of the proposed technique has been verified with a numerical analysis. For
experimental feasibility verification of the proposed structure, a 3-bit DSA was designed using a 150-nm
GaN HEMT process providing two metal layers. The chip size of the designed attenuator was 0.95 mm2.
The measured total attenuation range was 7 dB with 1 dB step. It was confirmed that the measured insertion
loss was suppressed to less than 1.7 dB in the range of 26.5 to 40.0 GHz. The RMS amplitude and phase
errors were measured to be less than 0.16 dB and 4.87◦, respectively.

INDEX TERMS Attenuator, distributed structure, GaN switch, Ka-band, wideband.

I. INTRODUCTION
Along with the commercialization of 5G mobile commu-
nication, research on integrated circuits (ICs) constituting
5G mobile communication systems has been actively con-
ducted. However, while the frequency band below 6 GHz
for 5G mobile communication has been commercialized, the
mm-wave band has technical difficulties for commercializa-
tion such as large path loss and atmospheric attenuation.
Nevertheless, it is essential to secure circuit design technol-
ogy in the mm-wave band to provide true 5G communication
services over wide bandwidth.

In order to solve the problem of the mm-wave band for
such 5G applications, a beamforming system and a small
cell technology have been introduced [1], [2]. When imple-
menting a beamforming system by arranging communication
modules into multi-channels, the roles of phase shifters, vari-
able gain amplifiers, and attenuators become important [3].
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Among them, attenuators are used for various purposes, such
as controlling the side lobe of the antenna beam pattern
and correcting the channel signal of the array system. Thus,
attenuation range, attenuation step, bandwidth, insertion loss,
amplitude and phase errors, and high linearity are important
parameters of the attenuator. In particular, it is important
to suppress the RMS amplitude and phase errors of the
attenuator in order to successfully secure the required beam
characteristics of the beamforming system [4], [5]. In addi-
tion, the errors should be suppressed to avoid complex phase
calibration [6], [7].

In previous studies, attenuators were designed primarily in
T- and π -type structures considering attenuation level [7],
[8], [9], [10]. However, in these structures, since a switch
composed of a transistor is located on an RF signal line,
RF characteristics vary greatly depending on an operating
frequency [11], [12].

In addition, in order to support small cell technology,
IC design technology with high power handling capability is
essential. From the perspective of power handling capability,
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FIGURE 1. Typical distributed structure: (a) unit branch and equivalent
circuits of (b) reference and (c) attenuation modes.

FIGURE 2. Equivalent circuits of the transistor: (a) transistor with
parasitic components, (a) equivalent parallel RC circuit and (c) equivalent
series RC circuit.

FIGURE 3. Simplified equivalent circuits of the transistor for (a) off- and
(b) on-states.

GaN-based ICs for mm-wave band communication systems
are actively attracting attention [13]. Compared to Si, GaAs,
and SiC, GaN has the largest energy band gap andmay ensure
linearity even at high power. In addition, GaN is suitable as
an element for the mm-wave band circuit because of its high
electron mobility and fast switching characteristics at high
frequencies [14], [15], [16].

In this study, we aimed to design a wideband GaN
attenuator with low insertion loss and stable frequency char-
acteristics. Distributed structure was used to secure the
wideband characteristics. We also proposed an attenuator that
minimizes RMS phase error by attaching tail capacitors to the
distributed structure.

In Section II-A, we described the equivalent circuits of the
designed attenuator. The conceptual structure of the proposed
attenuator was provided in Section II-B. The proposed phase
compensation technique using the tail capacitor was theoret-
ically verified in Section II-C. In Section II-D, we showed

distributed matching networks for wideband characteristics.
In Section III, simulation and measurement results were
compared.

II. DESIGN OF THE PROPOSED GaN ATTENUATOR
In this study, a digital step attenuator was designed by apply-
ing a distributed structure to secure wideband characteristics
[7], [11]. In addition, a tail capacitor technique was proposed
to suppress phase error. For the analysis, first, the typical unit
branch constituting the distributed structure was considered
as shown in Fig. 1. From the analysis of the equivalent
circuits, the cause of the phase error is identified and the
proposed design technique is described to mitigate the phase
error.

A. EQUIVALENT CIRCUITS FOR THE GaN HEMT
ATTENUATOR
Fig. 1 shows the unit branch of the typical attenuator with
distributed structure. When the transistor of the unit branch
is turned off and on, the attenuator operates in the reference
and attenuation modes, respectively.

Fig. 1(b) and Fig. 1(c) are equivalent circuits in the refer-
ence and attenuation modes, respectively. Here, the process
of configuring the equivalent circuits is shown in more detail
in Fig. 2. The transistor can be represented by parasitic
capacitances CGD, CDS , and CGS , the parasitic resistance RP,
and the parasitic inductance LS . The LS includes metal lines
connected to source and drain of the unit transistor. The CP in
Fig. 2(b) can be expressed as CGD, CDS , and CGS as follows.

CP =
CGD CGS
CGD + CGS

+ CDS (1)

Furthermore, the equivalent parallel RC circuit of Fig. 2(b)
can be converted into an equivalent series RC circuit as shown
in Fig. 2(c) through the following equation.

RS =
RP

1 + (ω RPCP)2

CS =

(
1 +

1

(ω RPCP)2

)
CP (2)

As illustrated in Fig. 3, these equivalent series and par-
allel RC circuits were used as simplified transistor models
under reference and attenuation mode conditions, respec-
tively. In particular, the reason for using the equivalent series
RC circuit in the reference mode is to ensure the convenience
of analysis by considering the passive devices connected in
series with the source of the transistor in the next design
process.

As shown in Fig. 3, parasitic components of actually used
transistor were investigated to further simplify equivalent
series and parallel RC circuits. In this study, the size of GaN
HEMT was set to a gate width of 25 µm under the 150-nm
gate length condition through transistor optimization process.
The used transistor is centered-gate optimized structure for
switching. Here, the transistor size was selected so that the
transistor can act as a switch and the on-resistance (RON )
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TABLE 1. Parasitic components of the transistor (gate width = 25 µm,
gate length = 150 nm).

of the transistor along with the RT can act as an attenuator.
In particular, when the size of the transistor increases, the
RON of the transistor decreases, so the required RT increases,
and parasitic inductance and capacitances increase, thereby
reducing the bandwidth of the entire attenuator.

In Table 1, the ranges of parasitic components of the used
transistor in the range of operating frequencies 26.5 GHz to
40.0 GHz are summarized. In the case of the reference mode
of Fig. 3(a), as the impedance by LS is negligible compared
to the impedance by CS , the transistor can be simplified into
CS (= COFF ) and RS (= ROFF ) connected in series. On the
other hand, in the case of the attenuation mode of Fig. 3(b),
the impedance by CP is negligibly larger than that of RP in
parallel connection, so the transistor can be simplified to LS
(= LON ) and RP (= RON )connected in series.
As a result, as shown in Fig. 1(b), in the reference mode,

since the transistor is turned off, the transistor may be equiv-
alently modeled with a resistance, ROFF and capacitance,
COFF . Similarly, Fig. 1(c) is equivalent circuit in the attenu-
ation mode of the unit branch. In the attenuation mode, since
the transistor is turned on, the transistor may be equivalently
modeled with an inductance, LON and a resistance, RON .

B. PROPOSED STRUCTURE OF ATTENUATOR WITH TAIL
CAPACITOR
Fig. 4 shows a more simplified versions of the equivalent
circuits shown in Fig. 1 for convenience of analysis. Here,
the COFF in the reference mode was regarded as open circuit.
Assuming that the load of the unit branch is the resistor,
RLOAD, the equivalent circuits of the ideal reference and
attenuation modes are shown in Fig. 4(a) and Fig. 4(b),
respectively. In such an ideal case, there is no phase imbal-
ance between reference and attenuation modes.

However, in the actual situation of the attenuation mode,
as shown in Fig. 1(c), there is parasitic inductance, LON
of transistor. The LON in Fig. 1(c) is indicated as LA in
Fig. 4(c). The LA causes a phase error in the attenuation
mode. In this study, tail capacitor, CT was added as shown
in Fig. 4(d) to offset the effect of LA. In the proposed
attenuator structure with CT , the ZPRO of Fig. 4(d) can be
conversed to ideal resistive impedance, ZIDE of Fig. 4(b)
through an appropriate CT value according to the LA value
in consideration of the operating frequency. As a result, the
use of CT is a technique that can mitigate phase imbal-
ance between reference and attenuation modes in actual
situations.

FIGURE 4. Conceptual equivalent circuits for (a) ideal reference mode,
(b) ideal attenuation mode, (c) attenuation mode with parasitic
inductance, and (d) proposed attenuation mode with tail capacitor.

FIGURE 5. Proposed distributed structure with a tail capacitor: (a) unit
branch and equivalent circuits of (b) reference and (c) attenuation modes.

C. NUMERICAL ANALYSIS OF THE PROPOSED
ATTENUATOR WITH USING TAIL CAPACITOR
Based on the concept of the proposed attenuator structure
with CT shown in Fig. 4, the phases of the typical and pro-
posed structures were numerically analyzed. The unit branch
of the proposed attenuator usingCT and its equivalent circuits
were shown in Fig. 5.
In the typical unit branch of the distributed attenuator

shown in Fig. 1, the equivalent impedance and phase can be
calculated as the following equations.

ZTYP,ref =
1 + jωCOFFROFF,t

jωCOFF

∥∥∥∥ 1
2
Z0 (3)

tan
(
θTYP,ref

)
=

−ωCOFFZ0
2 + ω2C2

OFFROFF,t
(
2ROFF,t + Z0

) (4)

ZTYP,att =
(
jωLON + RON ,t

) ∥∥ 1
2
Z0 (5)

tan
(
θTYP,att

)
=

ωLONZ0
(
RON ,t + Z0

)
2ω2L2ONZ0 + Z0RON ,t

(
RON ,t +

1
2Z0

)
(6)

where, ZTYP,ref , and ZTYP,att are equivalent impedances in
the reference and attenuation modes of the typical distributed
structure, respectively. θTYP,ref and θTYP,att are equivalent
phases in the reference and attenuation modes, respec-
tively. ROFF,t and RON ,t are ROFF + RT and RON + RT ,
respectively.

Similarly, in the proposed unit branch shown in Fig. 5,
the equivalent impedance and phase can be calculated as the
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FIGURE 6. Phase of S21 and RMS phase error according to transistor
on/off: (a) calculation and (b) simulation results.

following equations.

ZPRO,ref

=
ωCTCOFFROFF,t − j (CT + COFF )

ωCTCOFF

∥∥∥∥ 1
2
Z0 (7)

tan
(
θPRO,ref

)
=

−ωCOFFCT (COFF + CT )Z0
ω2C2

OFFC
2
TROFF,t

(
2ROFF,t + Z0

)
+ 2 (COFF + CT )2

(8)

ZPRO,att

=
jω2CTLON − j+ ωCTRON ,t

−ωCT

∥∥∥∥ 1
2
Z0 (9)

tan
(
θPRO,att

)
=

ωCT
(
ω2CTLON − 1

)
Z0

ω2C2
TRON ,t

(
2RON ,t + Z0

)
+ 2

(
ω2CTLON − 1

)2 (10)

where, ZPRO,ref , ZPRO,att , θPRO,ref , and θPRO,att are equivalent
impedance and phase in the reference and attenuation modes
of the proposed distributed structure, respectively.

The equivalent impedance and phase of the unit branch of
the attenuator can be calculated through the extracted ROFF ,
RON , COFF , LON , RT , and CT . In the calculation, CT was
set to 75 fF, taking into account the other extracted parasitic
values. If the input and output impedance are matched to Z0
and the RT is 140 �, from the Eqs. (4) and (6), the output
phases of the typical distributed attenuator at the operating
frequency of 28GHz can be calculated as−2.69◦ and 9.83◦ in
the reference and attenuation modes, respectively. Therefore,

FIGURE 7. Schematic of the designed Ka-band GaN attenuator.

TABLE 2. Parameters of the used components.

the difference in output phase between each mode is approx-
imately 13◦.

For the proposed distributed attenuator case, the output
phases at the operating frequency of 28 GHz can be calcu-
lated as −2.39◦ and −1.09◦ in the reference and attenuation
modes, respectively. Therefore, the difference in output phase
between each mode is approximately 1.3◦.
This analysis shows that the tail capacitor, CT is effective

in suppressing the output phase variation due to bit regulation
in the attenuator. Fig. 6 shows the calculation and simula-
tion results of the output phase according to reference and
attenuation modes of the typical and proposed unit branch
according to the frequency. Simulation results also show that
the tail capacitor, CT successfully suppresses the variations
in the output phase.

D. SECURING WIDEBAND USING DISTRIBUTED
STRUCTURE
A schematic of the designed attenuator is shown in Fig. 7. The
attenuator controlled by a 3-bit digital signal was designed
using a 150-nm GaN HEMT process that provides two metal
layers. The values of the main devices used in the proposed
attenuator are shown in Table 2. In the schematic, all gate
bias resistors were designed to be 11 k�. The gate bais
resistor serves to remove undesired effects from impedance
by bonding-wire for bias voltage.

In order to secure a wideband, a distributed structure in
which a series inductor and a shunt capacitor are repeated
was used. At this time, the inductor was implemented as a
transmission line, and the shunt capacitor was implemented
as a parasitic capacitance, COFF of off-state transistor and a
tail capacitor CT . As a result, the impedance at the nodes of
‘‘A’’ to ‘‘K’’, which are themain nodes of Fig. 7, was designed
to be located around 50 �. From the impedances of Smith
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FIGURE 8. Simulated S-parameters from A to K nodes according to the
control bits (frequency range: 26.5 – 40.0 GHz).

chart for each node in 000- and 111-bits shown in Fig. 8,
it was confirmed that the proposed attenuator has wideband
characteristics in Ka-band.

III. SIMULATION AND MEASUREMENT RESULTS
In this section, the simulation and measurement results are
provided. Additionally, the comparison between proposed
and previously reported attenuators is provided.

A. SIMULATION RESULTS
Fig. 9 shows the simulation results of the designed attenuator.
Simulated S11 and S22 are −15.13 dB and −14.26 dB or
less in the Ka-band, respectively. As shown in Fig. 9(b), the
insertion loss is lower than 1.82 dB. Fig. 9(c) is a result
of simulated attenuation level of other bits based on S21 of
000-bit. Fig. 9(d) is a graph of calculated output phase differ-
ence for each bit based on a simulated phase of S21 of 000-bit.
As the CT decreases, the crossing point is formed at a higher
frequency. However, due to the minimum capacitance limit of
the capacitor provided by the used foundry, the crossing point
was slightly lower than the center frequency. The minimum
available capacitor is 67 fF, the CT4, CT5, and CT6 are the
minimum values of 67 fF. On the other hand, CT1, CT2, and
CT3 were initially set to 67 fF, but were finally designed to
75 fF through optimization considering bandwidth, S11, and
amplitude and phase errors.

Fig. 10(a) is a graph of RMS amplitude and phase errors.
The simulated RMS amplitude and phase errors were lower
than 0.267 dB and 8.77◦, respectively. Simulated RMS ampli-
tude and phase errors were the lowest at 28.9 GHz and
30.4 GHz, respectively, with 0.026 dB and 0.55◦. As shown
in Fig. 10(b), the simulated maximum magnitude of the
difference of the group delay was 0.56 psec. Here, the dif-
ference in the group delay was based on a group delay
of 000-bit.

FIGURE 9. Simulation results: (a) S11 and S22, (b) S21, (c) attenuation,
and (d) output phase difference.

B. MEASUREMENT RESULTS
Fig. 11 shows the chip photograph of the designed Ka-band
GaN distributed attenuator. The chip size including test
pads is 1.33 × 0.71 mm2. The gate voltages of each
transistor were 0 V and −14 V, respectively, for the on-
and off-states of the transistor constituting the attenuator.
DC voltages are applied through bonding-wire. On the
other hand, input and output signals were measured through
on-wafer probes.
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FIGURE 10. Simulation results: (a) RMS amplitude and phase errors and
(b) group delay.

FIGURE 11. Chip photograph of the designed GaN attenuator (1.33 ×

0.71 mm2).

In the small signal measurement, an input power of
−30 dBmwas used. In addition, evenwhen the input power of
20 dBm, which is the maximum output power of the used net-
work analyzer tomeasure the small signal characteristics, was
used, the same results were obtained as when the input power
of −30 dBm was used. In the large signal measurements,
a commercial power amplifier was additionally used for mea-
surements such as input 1dB gain compression point (P1dB).
Fig. 12 shows the measurement results of the designed

attenuator. The measured S11 and S22 are lower than −12 dB
and −15.1 dB in the Ka-band, respectively. The measured
insertion losses were 1.1 dB and 1.7 dB at 26.0 GHz and
40.0 GHz, respectively. Overall, the measured insertion loss
was lower than 1.7 dB. Fig. 12(c) is a graph of the calculated
attenuation level based on S21 of 000-bit which is an insertion

FIGURE 12. Measurement results: (a) S11 and S22, (b) S21,
(c) attenuation, and (d) output phase difference.

loss. As shown in Fig. 12(d), the measurement results of the
frequency at which the phase difference is minimized was
moved slightly upward compared to the simulation result.

Fig. 13(a) is the measured RMS amplitude and phase
errors. The measured RMS amplitude and phase errors were
lower than 0.17 dB and 4.87◦, respectively. Simulated RMS
amplitude and phase errors were the lowest at 29.5 GHz and
35.1 GHz, respectively, with 0.074 dB and 0.62◦. As shown
in Fig. 13(b), the measured maximum magnitude of the dif-
ference of the group delay was 4.8 psec. Here, the difference
in the group delay was based on a group delay of 000-bit.
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TABLE 3. Performance comparison with various RF attenuators.

FIGURE 13. Measurement results: (a) RMS amplitude and phase errors
and (b) group delay.

Fig. 14 shows the measured power characteristic of the
designed attenuator. Here, S21 according to the input power is
shown in a 1GHz step from an operating frequency of 27GHz

FIGURE 14. Measured S21 according to the input power.

to 40 GHz for each attenuation bit. The measured input P1dB
was higher than 30.3 dBm. In Fig. 14, 000-bit indicates that
the gate voltage of all transistors is −14 V, and all transistors
are off-state. Conversely, 111-bit is a case where the gate
voltage of all transistors is 0 V, and all transistors are on-
state. As can be seen from the measurement results of Fig. 14,
compared to a case where the gate voltage of the transistors
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is high at 0 V, a case where the gate voltage is low at −14 V
showed high linearity. That is, the power handling capability
increased from 111- to 000-bits.

C. PERFORMANCE COMPARISON
The comparison of RF performances of proposed and previ-
ously reported attenuators are shown in Table 3. The insertion
loss of the proposed attenuator is noticeably low compared to
all other attenuators referenced. The RMS amplitude error is
similar to the reference [17] with the same number of bits,
and the RMS phase error is also the lowest among attenua-
tors with bandwidth of 7 GHz or more. For attenuator with
the better RMS phase error than this work, the bandwidths
are 3 GHz, 7 GHz, and 5 GHz, respectively. The bandwidth
of the designed attenuator is nearly twice as wide as that of
the attenuator with the most similar RMS phase error.

In this study, although we designed a 3-bit attenuator,
the proposed design technique is easily scalable to a higher
attenuation range.

IV. DISCUSSIONS
In this study, in order to confirm the feasibility of the pro-
posed design technique, CT , a tail capacitor, was connected
to the source of the transistor through RT , a resistor. Accord-
ingly, the source of the transistor is connected to the ground
throughCT andRT connected in series. Therefore, the voltage
between the gate and the source changes according to the
change in the source voltage caused by the voltage drop in
CT and RT connected in series. However, in this study, per-
formance degradation due to the voltage change between the
gate and the source was not observed. Nevertheless, in some
cases, there may be situations in which such voltage changes
between the gate and the source should be removed.

Such stabilization of the voltage between the gate and
the source can be secured by simple deformation of the
circuit. As a variant of the proposed structure, CT can also
be connected to the drain of the transistor. In this case,
a voltage between the gate and the source of the transistor in
the on-state may be relatively stably secured. In particular,
when both CT and RT are connected to the drain of the
transistor, the source of the transistor is directely connected
to the ground. In this case, the voltage between the gate and
source of the transistor is most stabilized.

V. CONCLUSION
This paper presents the design of a Ka-band 3-bit digital
step attenuator using 150-nm GaN HEMT process. The
distributed structure was used for low insertion loss and
wideband characteristics, and the distributed matching net-
work was designed by implementing series inductance as
a transmission line. It was proved through the numerical
analysis that phase variation can be suppressed by compen-
sating incorrect phases for each control bit using the tail
capacitor. The total attenuation range was 7 dB with a step
of 1dB. The maximum measured insertion loss is 1.7 dB
and measured return loss is under −12 dB. The maximum

measured RMS amplitude and phase errors were 0.16 dB and
4.87◦, respectively over Ka-band.
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