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ABSTRACT In this paper we present a broadband monolithic balanced amplifier reaching 30 dBm output
power over a range from 5.7 GHz up to 35.1 GHz. To the best of our knowledge, such broad operational
bandwidth has never been reported in literature for balanced topology. The amplifier is composed of
broadband tandem-cascade directional couplers and amplifying blocks designed in cascode topology. It is
worth noticing that for the first time the mixed tandem-cascade couplers have been integrated in monolithic
process, in which only one metallization layer is available for transmission-line structures. The broadband
balanced amplifier has been fabricated in high power GH15 gallium nitride (GaN) process offered by United
Monolithic Semiconductors (UMS). The measured saturation output power and 1-dB compression point are
equal to 30 dBm and 27.8 dBm, respectively.

INDEX TERMS Balanced amplifier, bandwidth enhancement, broadband amplifier, broadband directional
coupler, cascode amplifier, GaN amplifier.

I. INTRODUCTION
The balanced amplifier circuit (BA) is a well-known topology
in microwave electronics for decades [1]. Due to its advan-
tages, such as good input and output matching, high stability
and 3-dB higher linearity compared to a single amplifier
[1], [2], the topology is utilized in different applications and
technologies, including monolithic ones [3], [4], [5], [6], [7],
[8], [9], [10]. Moreover, the BAs are still the subject of inten-
sive research focused on their power efficiency improvement
with the use of such solutions as Load-Modulated Balanced
Amplifiers (LMBA) [11], [12], [13], [14].
A classic balanced topology is composed of two amplify-

ing blocks placed between two power distribution networks at
the input (so-called splitter) and at the output (so-called com-
biner). These networks are commonly realized by directional
couplers or power dividers with phase shifters providing
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quadrature signals [15], [16]. In [17] and [18] the Authors
utilize branch-line couplers which feature narrow operational
bandwidth, and therefore, limit the bandwidth of an amplifier.
In [19], a single coupled-line section has been used to enhance
operational bandwidth of an amplifier, which operates in the
range of 33 GHz – 53 GHz. In this case, even though the
coupler allows for achieving bandwidth up to one frequency
octave, the described amplifier features bandwidth limited
to fh/fl = 1.6. In [20] the Authors have shown an amplifier
which is composed of a Lange directional coupler and dis-
tributed amplifiers. Although a single-section Lange coupler
allows for achieving bandwidths not exceeding one frequency
octave, the utilization of distributed amplifiers shown in [20]
resulted in the bandwidth of the balanced amplifier equal to
fh/fl = 3. To the best of our knowledge there are no other
solutions of monolithic balanced amplifiers that feature wider
bandwidths.

It is known that passive distribution networks have sig-
nificant impact on the width of amplifiers’ operational
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bandwidth, and that the widest bandwidths of such power
combining/division networks can be achieved with the use
of coupled-line directional couplers. Since single-section
coupled-line couplers feature maximum bandwidth of one
frequency octave, they are not suitable for ultra-broadband
applications. To further enhance operational bandwidth,
multi-section coupled-line directional couplers have been
introduced [21], [22]. In such networks the required cou-
pling of a coupled-line section exceeds the nominal coupling
of the entire directional coupler, and the length of such
circuits is a multiple of quarterwavelength. Although the
problem of strong coupling realization can be approached
in PCB technology with the use of multilayer structures, the
implementation of strong coupled-line sections in monolithic
technologies can be difficult and even not realizable. On the
other hand, the reduction of overall size of directional cou-
plers is also very important especially due to the inherent
insertion losses. Therefore, different topologies have been
proposed, focused on either electrical length minimization or
the required coupling reduction. In [23] we have introduced a
broadband directional coupler composed of two coupled-line
sections connected by uncoupled section, which can be
miniaturized in size by increasing coupling of the coupled
sections. This idea has been also implemented in monolithic
technology [25], where we realized the coupled sections
by using a re-entrant structure. On the other hand, in [24]
an ultra-broadband solution has been presented, in which
directional couplers are composed of coupled-line sections
having different values of couplings and electrical lengths.
In comparison to classic multisection directional couplers,
the considered structure requires significantly reduced cou-
plings of coupled-line sections, which allows for realization
of directional couplers with bandwidths exceeding one fre-
quency decade. The described concept has been implemented
in monolithic process [26], where a strongly coupled-line
section has been designed as a three-strip coupled-line struc-
ture using two metallization layers. To the best of our
knowledge, the presented in [25] and [26] implementations
feature the widest bandwidths that are described for quadra-
ture couplers designed in monolithic technologies reaching
one frequency decade. However, both circuits are designed
in monolithic technologies that offer two metallization layers
for passive circuits’ implementations. It has to be underlined
that such solutions have never been realized in monolithic
processes in which only one metallization layer is available
for passive circuit realization.

The bandwidth of balanced amplifiers depends not only
on the passive circuit parameters but also on frequency
response of amplifying blocks. With this regard two topolo-
gies featuring broad frequency response can bementioned: (i)
distributed amplifiers [27], [28], [29], [30] and (ii) cascode
amplifiers [31], [32]. Distributed amplifiers are the circuits
which operate in broad frequency range, even from 0 Hz
up to hundreds of GHz, what has been reported in [30].
However, due to the number of required transistors, the circuit

complexity and power consumption can be high. On the
other hand, cascode topology is characterized by narrower
frequency response in comparison to the disturbed amplifiers,
however it is still quite broad and the circuitry is less complex.
In [33], the Authors proposed a new approach to improve
gain bandwidth of triple cascode amplifier by using resistive
feedback and inductive peaking method.

In this paper, we present a design of monolithic balanced
amplifier operating in broad bandwidth and having relatively
large saturation output power. The requirement related to the
bandwidth has been fulfilled by implementing the concept of
broadband mixed cascade-tandem directional couplers [34]
in monolithic microstrip technology together with amplifying
blocks based on cascode topology. It has to be underlined that,
this type of directional coupler has been for the first time
implemented in the monolithic process in which physical
constraints i.e., number of metallization layers, significantly
reduce coupling between coupled transmission lines. More-
over, to enhance level of the power gain, an inductive peaking
method presented in [33] has been utilized. To the best of our
knowledge, for the first this method has been used together
with capacitance reduction technique in a cascode ampli-
fier composed of two transistors. Both methods significantly
improve frequency response of the amplifier. It is well-
known that, the gallium nitride is commonly used technology
for high power applications [35]. For instance, in [36] the
Authors shown narrowband power amplifier composed of
Lange couplers and two-stage amplifying blocks. Therefore,
to achieve large output power, we designed our balanced
amplifier in GH15 process offered by United Monolithic
Semiconductors. However, the chosen process supports only
one metallization layer (apart from sub-layer used to form
air bridges), which can be used to design transmission-line
based structures. The designed broadband balanced amplifier
has been fabricated and measured. The results show that the
designed circuit operates from 5.7 GHz up to 35.1 GHz,
features 30 dBm saturation output power and 1-dB com-
pression point equal to 27.8 dBm at 20 GHz. Moreover, the
small-signal gain is not lesser than 8.1 dB in the measured
operational bandwidth.

II. BROADBAND GaN AMPLIFIER DESIGN
The concept of a proposed balanced amplifier is presented in
Fig. 1. The circuit is composed of two directional couplers
acting as power splitter and combiner, and two identical
amplifying blocks. The isolated ports of the directional cou-
plers are terminated by matched 50 � resistors.

The goal of the presented design was to achieve relatively
high output power and broad operational bandwidth of the
resulting balanced amplifier. To achieve such a large output
power the GaN GH15 process has been chosen, which is
dedicated for high power applications. The process offers
150 nm HEMT transistors and it is dedicated for high power
applications operating up to 40 GHz. The foundry provides
Process Design Kit (PDK) which includes models of all basic
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FIGURE 1. Concept of a broadband balanced amplifier composed of two
amplifying blocks and microwave directional couplers.

FIGURE 2. Simplified view of the UMS GH15 gallium nitride process.

FIGURE 3. Concept of a broadband 3-dB quadrature directional coupler
designed in mixed cascade-tandem-connected topology.

TABLE 1. Electrical parameters of the broadband monolithic quadrature
directional coupler.

passive and active components such as capacitors, inductors,
resistors, transistors and diodes. Simplified stack-up of the
process is presented in Fig. 2. As mentioned above the con-
sidered technological process offers only one metallization
layer (apart from sub-layer utilized to form air bridges) which
can be used to form coupled-line sections. The simplest cou-
pled section can be realized by using two transmission lines
having width w, which are separated by gap s. The minimum
gap which can be obtained for the process is equal to s =

4 µm, which constrains the maximum coupling to k = 0.595.
Such a value does not allow for realization of even single-
section coupled-line 3-dB directional couplers. Therefore, the
recently developed idea of the multisection coupler [34] has
been implemented for the first time in monolithic technology,

FIGURE 4. Calculated frequency response of the considered broadband
directional coupler.

FIGURE 5. Layout of the broadband quadrature directional coupler
designed in GH15 UMS process.

FIGURE 6. Frequency response of the broadband 3-dB directional coupler
designed in GH15 MMIC process. Results of electromagnetic calculations.

to design balanced amplifier having high output power in very
broad frequency range exceeding two frequency octaves.

A. MONOLITHIC BROADBAND DIRECTIONAL COUPLER
COMPOSED OF CASCADE AND TANDEM-CONNECTED
COUPLED-LINE SECTIONS
A schematic diagram of the utilized directional coupler is
presented in Fig. 3 [34]. The directional coupler is composed
of four coupled-line sections having uniform coupling k and
different electrical lengths θ1, θ2, θ3. Coupled sections are
connected by transmission lines having equal characteristic
impedances Z0 and electrical lengths θ0, θL . The coupling
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FIGURE 7. Differential phase response of the designed broadband
directional coupler. Results of electromagnetic calculations.

FIGURE 8. Schematic of the designed cascode amplifying block.

coefficient S21 and transmission S41 can be calculated as
follows [34]:

S21 = C1 + T 2
1D

2 A+ C1D2(B2 − A2)

(1 − AC1D2)2 − B2C1D4
(1)

S41 =
BD2T 2

1

(1 − AC1D2)2 − B2C1D4
(2)

where:

A = C2

(
C2
3 + T 2

3

)
+ 2C3T2T3 (3)

B = T2
(
C2
3 + T 2

3

)
+ 2C2C3T3 (4)

D = cos θL − j sin θL . (5)

FIGURE 9. Small-signal model of the proposed modified cascode
amplifier core composed of two HEMT transistors and additional
elements: inductor LM and capacitor CM utilized for inductive peaking
and capacitance reduction methods.

Coefficients Ci and Ti are coupling and transmission,
respectively of the i-th coupled-line section [37]:

Ci =
jk sin2i

√
1 − k2 cos2i + j sin2i

(6)

Ti =

√
1 − k2

√
1 − k2 cos2i + j sin2i

(7)

The frequency response of the considered broadband direc-
tional coupler has been calculated from (1) and (2) and
presented in Fig. 4, whereas the electrical parameters of the
coupler are listed in Table 1.
The monolithic broadband directional coupler has been

designed and simulated electromagnetically in AWR
Microwave Office environment. In comparison to work pre-
sented in [34], the consider directional coupler has been fully
designed in microstrip technique which can be easily used
in the GH15 process. For the chosen process, the maximum
coupling obtained for coupled-line section is equal to k =

0.595. Such a value has been calculated for a symmetrical
section composed of two transmission-lines having width
w = 41 um, and the minimum realizable gap s = 4 µm.
Layout of the structure is presented in Fig. 5, whereas Fig. 6
and Fig. 7 show calculated scattering parameters and differ-
ential phase characteristics. As can be seen the directional
coupler features a good electrical performance in operational
bandwidth, which is equal to fH /fL ≈ 6.16. The isolation is
greater than 16.8 dB and return losses are not worse than

G′
U = −

Rds1gm1(sRds2Cds2 + Rds2gm2 + 1)

(sRds2Cds2 + 1)(s3Rds1LMCds1C ′

gs2 + s2LMC ′

gs2 + sRds1
(
Cds1 + C ′

gs2

)
+ 1)

(8)

ZOUT =
s3xI + s2xII + sxIII + xIV

(sRds2Cds2 + 1)(s3Rds1LMCds1C ′

gs2 + s2LMC ′

gs2 + sRds1(Cds1 + C ′

gs2))
(11)

xI = Rds1Rds2LMCds1(C ′

gs2 + Cds2) (12)

xII = LM (Rds1Cds1 (Rds2gm2 + 1) + Rds2(C ′

gs2 + Cds2)) (13)

xIII = LM (Rds2gm2 + 1) + Rds1Rds2(Cds1 + C ′

gs2 + Cds2) (14)

xIV = Rds1 (Rds2gm2 + 1) + Rds2. (15)
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FIGURE 10. Impact of transistor parasticics on matched cascode amplifier frequency response. During the analysis we verified impact of
resistances Rds1 (a) and Rds2 (b), drain-source capacitances Cds1 (c), Cds2 (d) and gate-source capacitance Cgs2 (e).

17.2 dB. The imbalance of differential phase between outputs
ports #2 and #4 does not exceed 6.3◦.

B. BROADBAND CASCODE GaN AMPLIFIERS
To achieve broad operational bandwidth, the amplifying
blocks have been realized in cascode topology. The designed
circuit is presented in Fig. 8. The core of the block is
composed of two HEMT transistors T1 and T2, inductor
LM and capacitor CM . Small-signal model of the circuitry
is presented in Fig. 9. It has to be mention that, elements
LM and CM are used in inductive peaking and capacitive

reduction techniques, which significantly improve frequency
performance of the cascode amplifier.
For circuitry presented in Fig. 9, the open-load voltage gain

GU ’ takes form (8), as shown at the bottom of the previous
page, where, C’gs2 is defined as:

C ′

gs2 =
Cgs2CM

Cgs2 + CM
(9)

To include influence of load impedance, we can derive volt-
age gain GU as

GU =
ZLOAD

ZOUT + ZLOAD
G′
U (10)
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FIGURE 11. Calculation results presenting impact of additional capacitance CM (a) and inductance LM (b) on the cascode amplifier frequency response.

TABLE 2. Comparison table presenting parameters of proposed balanced amplifier with other solutions designed in monolithic technologies.

FIGURE 12. Exemplary frequency response of a cascode amplifying block
with optimization parameters marked.

where ZLOAD is load impedance and ZOUT is output
impedance of cascode core. The output impedance takes
form (11), as shown at the bottom of page 4.

For equations (8), (9), (10), and [(11)–(15), as shown at
the bottom of page 4], we calculate frequency responses of a
matched cascode amplifier for which additional, improving
elements LM and CM are not taken under consideration.
Figure 9 shows impact of particular parameters of the cir-
cuit on the operational bandwidth. The broadest frequency
responses are obtained for high drain-source resistances Rds1,
Rds2 and small values of capacitances drain-source Cds1, Cds2
and gate-source of the second transistor Cgs2. Regarding
equation (9) it can be seen that, by adding additional capacitor
CM to the gate of transistor T2, the overall capacitance C ′

gs2
can be decreased. Such an effect can be used to enhance the
operational bandwidth of a cascode amplifier. Simulations
presenting impact of CM on the frequency response are pre-
sented in Fig. 10a. On the other hand, to increase small-signal
power gain, the inductive peaking method can be used as in
[34]. The obtained results are presented in Fig. 10b, where it is
clearly seen that, when inductanceLM is increasing, gain level
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FIGURE 13. The optimum source (a) and load (b) impedance trajectories
calculated for the cascode amplifier core composed of two transistors.
Results obtained for minimum small-signal power gain S21(min) = 10 dB,
gain imbalance δS21 = 1 dB and required saturation power Psat(reqx) =

27 dBm. Blue and green lines are fragments of power gain contours
calculated for value of 10 dB.

is also increased. Both techniques have been used together in
the design to improve performance of the cascode amplifying
block. To show applicability of the considered techniques,
we decide to use the narrowest cascode configurationwhich is
composed of transistor T1 with four fingers and 50µmwidth,
and T2 with eight fingers and 150 µm width. The transistors
T1 and T2 have been biased by voltages VG1 = -2.55 V and
VD2 = 15 V, respectively. Such a biasing point corresponds to
Class-B amplifier and sets maximum output power at 27 dBm
for a single cascode amplifying block, what gives in total
30 dBm output power for balanced topology. It has to be
mention that, the GH15 process allows for achieving greater
values of output power. However, due to the power limitations

FIGURE 14. Layout of the broadband cascode amplifying block utilized in
the broadband GaN balanced amplifier.

of measurement setup and thermal stability which is crucial
during long period measurements on bear die chip, we decide
to limit maximum power.

Values of additional elements LM , CM and source, load
impedance trajectories have been found numerically by using
Simplex method. The calculations have been obtained using
electrical models included in the PDK delivered by the
foundry. A simple criterion has been defined as a goal for
optimization i.e.;

(S21(min) < S21(f ) < S21(min) + δS21)^Psat (f ) = Psat(req),

(16)

where S21(min) is the minimum required small-signal power
gain, δS21 is the required power gain imbalance and Psat(req)
is the required saturation power. Figure 9 present the graphi-
cal interpretation of mentioned parameters. The optimization
starts from selecting the required operational bandwidth
BWreq. The procedure is iterative and it goes as long as the
assumptions defined in (16) are not fulfilled.

For the considered design, the optimization goals take
the following assumptions: S21(min) = 10 dB, δS21 = 1 dB,
Psat(req) = 27 dBm. It is worth nothing that, the optimiza-
tion procedure has been taken only for a single amplifying
block i.e., the single cascode amplifier. Therefore, to achieve
30 dBm saturation power for the balanced amplifier, the
single cascode block is designed for Psat(req) = 27 dBm.
According to optimization results, operational bandwidth of
the amplifier in which the mentioned goals are met begin
at 6 GHz and ends at 35 GHz. The obtained source and
load impedance trajectories together with the calculated
small-signal gain contours fragments for 10 dB are presented
in Fig. 13. The optimum values for additional inductance and
capacitance which have been found are LM = 0.45 nH and
CM = 0.06 pF, respectively.
Electrical parameters of input matching network (IMN),

output matching network (OMN), input biasing network
(IBN) and output biasing network (OBN) have been found
numerically by using Simplex method to found overlapping
source and load impedance trajectories presented in Fig. 13.
We utilize a simple matching circuitry based on a double-stub
network at the input of the amplifier and a single-stub circuit
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FIGURE 15. Simulated frequency response of a single amplifying block
based on the cascode topology.

FIGURE 16. Layout of the complete broadband balanced GaN amplifier.
The structure is composed of broadband directional couplers (A) and
amplifying stages (B).

at its output. It has to be mention that, during the design
process of matching networks, we also considered biasing LC
circuits composed of inductors LG1, LD2 and capacitors CG1,
CD2. The final layout of the designed cascode amplifying
block is presented in Fig. 14, whereas the simulated frequency
response is shown in Fig. 15. The designed stage features
small-signal gain greater than 9.4 dB in the entire operational
bandwidth, 6.1 GHz up to 35.2 GHz, reverse small signal gain
S12 is lower than −27 dB.

III. MEASUREMENT RESULTS
The layout of the designed monolithic GaN broadband
balanced amplifier is presented in Fig. 16. The amplifier
has been fabricated and measured with the use of on-chip
measurement setup. The measured frequency responses are
presented in Fig. 17, and we can see a good resemblance
with the results of simulations. The amplifier operates from
5.7 GHz up to 35.1 GHz, what gives the bandwidth equal
to fH /fL ≈ 6.15. The small-signal gain S21 is not lower than
8.1 dB. The measured return losses are equal to 14.7 dB
at the center frequency. Moreover, the maximum saturation
output power is equal to 30 dBm, whereas PAE is equal to

FIGURE 17. Comparison of measured (solid lines) and simulated (dashed
lines) frequency response of the broadband amplifier fabricated in GH15
GaN monolithic process. Characteristics (a) shows obtained scattering
parameters, (b) presents saturated output power and PAE. The PAE has
been simulated and measured for input power PIN = 23 dBm, whereas
(c) shows stability factor K .

32%. Both values have beenmeasured at the center frequency
equal to 20 GHz. Efficiency of the amplifier has not been
taken under consideration during the design process. There-
fore, values of PAE in the rest of operational bandwidth are
smaller. Value of stability factor K is not smaller than 2.1 in
considered wide frequency range and therefore, the device
is unconditionally stable. Figures 18 and 19 shows power
transfer function and PAE characteristics obtained for differ-
ent values of frequencies. The compression point for output
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FIGURE 18. Simulated (a) and measured (b) power transfer (POUT = f(PIN )) characteristics of the broadband balanced amplifier designed in GH15
process.

FIGURE 19. Characteristics showing relation between PAE and input power (PAE = f(PIN )). Results obtained during simulations (a) and measurements
(b) of the fabricated broadband amplifier.

power measured at 20 GHz is equal to 1dBCP = 27.8 dBm.
The maximum PAE can be observed at the same frequency
and it is equal to 32 % for 23 dBm of input power. The
obtained results have been collected in Table 2, to compare
the proposed solution with other designs presented in litera-
ture. It can be seen that the proposed amplifier features the
broadest operational bandwidth among all the designs pre-
sented elsewhere. In terms of the obtained return losses and
small signal power gain, the achieved values are comparable
to results presented in [20]. However, the amplifier discussed
in [20] features significantly narrower bandwidth. Moreover,
the design is composed of two distributed amplifiers with
total number of 14 transistors what makes it more complex
in comparison to our solution having only 4 transistors.

Figure 20a shows the measurement setup used during mea-
surements of transfer functions and PAE which is composed
of Rohde & Schwarz SMF 100A Signal Generator operating
from 100kHz up to 43.5 GHz, Rohde & Schwarz FSW Signal
& Spectrum Analyzer operating from 2Hz up to 85GHz. For
measurements of S-parameters and stability we used Agilent

Technologies 4-port PNANetworkAnalyzer N5224A operat-
ing in 10MHz – 43.5 GHz frequency range. The amplifier has
beenmeasured by on-chipmethod, with the use of a dedicated
LMS-27 probe station. Picture showing the manufactured
chip during measurements is presented in Fig. 20b.

IV. CONCLUSION
In this paper, we have presented a broadband balanced
amplifier designed in monolithic GH15 GaN process, which
is composed of broadband mixed cascade-tandem direc-
tional couplers and cascode amplifying blocks. The proposed
amplifier has the broadest operational bandwidth in compar-
ison to other balanced monolithic circuits reported in litera-
ture. Moreover, for the first time the mixed cascade-tandem
directional coupler has been used and integrated inmonolithic
structure, in which only one metallization layer for passive
circuit realization is available. The designed balanced ampli-
fier features good electrical performance in terms of return
losses, small signal reverse gain, power gain and 1dB com-
pression point, and features bandwidth as wide as fh/fl = 6.16,
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FIGURE 20. Pictures showing the measurement setup of the fabricated
broadband balanced amplifier (a) and the designed chip (b).

which has never been reported up to date. It can be
noted that, the obtained maximum output power reaches
30 dBm, what makes the amplifier suitable for medium power
applications.

ACKNOWLEDGMENT
The authors wish to thank UMS Foundry Team, for their
substantive support during design process and fabrication.

REFERENCES
[1] R. S. Engelbrecht and K. Kurokawa, ‘‘A wide-band low noise L-band

balanced transistor amplifier,’’ Proc. IEEE, vol. 53, no. 3, pp. 237–247,
Dec. 1965.

[2] K. Kurokawa, ‘‘Design theory of balanced transistor amplifiers,’’ Bell Syst.
Tech. J., vol. 44, no. 8, pp. 1675–1698, Oct. 1965.

[3] B. Amado-Rey, Y. Campos-Roca, C. Friesicke, F. van Raay, H.
Massler, A. Leuther, and O. Ambacher, ‘‘A G-band broadband
balanced power amplifier module based on cascode mHEMTs,’’
IEEE Microw. Wireless Compon. Lett., vol. 28, no. 10, pp. 924–926,
Oct. 2018.

[4] R. Giofrè, P. Colantonio, F. Costanzo, F. Vitobello, M. Lopez, and
L. Cabria, ‘‘A 17.3–20.2-GHz GaN-Si MMIC balanced HPA for very high
throughput satellites,’’ IEEE Microw. Wireless Compon. Lett., vol. 31,
no. 3, pp. 296–299, Mar. 2021.

[5] S. Seo, D. Pavlidis, and J.-S. Moon, ‘‘A wideband balanced AlGaN/GaN
HEMT MMIC low noise amplifier for transceiver front-ends,’’ in Proc.
Eur. Gallium Arsenide Other Semiconductor Appl. Symp. (GAAS), Paris,
France, Oct. 2005, pp. 225–228.

[6] J.-D. Jin and S. S. H. Hsu, ‘‘A 1-V 45-GHz balanced amplifier with 21.5-
dB gain using 0.18-µm CMOS technology,’’ IEEE Trans. Microw. Theory
Techn., vol. 56, no. 3, pp. 599–603, Mar. 2008.

[7] W. R. Deal, M. Biedenbender, P.-H. Liu, J. Uyeda, M. Siddiqui, and
R. Lai, ‘‘Design and analysis of broadband dual-gate balanced low-noise
amplifiers,’’ IEEE J. Solid-State Circuits, vol. 42, no. 10, pp. 2107–2115,
Oct. 2007.

[8] T. Padmaja, R. S. N’Gongo, P. Ratna, P. S. Vasu, J. S. Babu, and
V. S. R. Kirty, ‘‘A 18–40 GHz monolithic GaAs pHEMT low noise ampli-
fier,’’ in Proc. Int. Conf. Recent Adv. Microw. Theory Appl., Nov. 2008,
pp. 309–311.

[9] S. Padin and G. G. Ortiz, ‘‘A cooled 1–2 GHz balanced HEMT ampli-
fier,’’ IEEE Trans. Microw. Theory Techn., vol. 39, no. 7, pp. 1239–1243,
Jul. 1991.

[10] J. C. Vaz and J. C. Freire, ‘‘Millimeter-wavemonolithic power amplifier for
mobile broad-band systems,’’ IEEE Trans. Microw. Theory Techn., vol. 49,
no. 6, pp. 1211–1215, Jun. 2001.

[11] D. J. Shepphard, J. Powell, and S. C. Cripps, ‘‘An efficient broadband
reconfigurable power amplifier using active load modulation,’’ IEEE
Microw. Wireless Compon. Lett., vol. 26, no. 6, pp. 443–445, Jun. 2016.

[12] J. R. Powell, D. J. Shepphard, R. Quaglia, and S. C. Cripps, ‘‘A power
reconfigurable high-efficiency X -band power amplifier MMIC using the
load modulated balanced amplifier technique,’’ IEEE Microw. Wireless
Compon. Lett., vol. 28, no. 6, pp. 527–529, Jun. 2018.

[13] A. Duh, M. Duffy, W. Hallberg, M. Pinto, T. Barton, and Z. Popović,
‘‘A 10.8-GHz GaN MMIC load-modulated amplifier,’’ in Proc. 49th Eur.
Microw. Conf. (EuMC), Paris, France, Oct. 2019, pp. 408–411.

[14] L. Chen, H. Liu, J. Hora, J. A. Zhang, K. S. Yeo, and X. Zhu, ‘‘A mono-
lithically integrated single-input load-modulated balanced amplifier with
enhanced efficiency at power back-off,’’ IEEE J. Solid-State Circuits,
vol. 56, no. 5, pp. 1553–1564, May 2021.

[15] C.-H. Tseng and C.-L. Chang, ‘‘Improvement of return loss bandwidth
of balanced amplifier using metamaterial-based quadrature power split-
ters,’’ IEEE Microw. Wireless Compon. Lett., vol. 18, no. 4, pp. 269–271,
Apr. 2008.

[16] R. Behtash, H. Tobler, F.-J. Berlec, V. Ziegler, H. Leier, B. Adelseck,
T. Martin, R. S. Balmer, D. Pavlidis, R. H. Jansen, M. Neuburger, and
H. Schumacher, ‘‘Coplanar AlGaN/GaN HEMT power amplifier MMIC
at X-band,’’ in IEEE MTT-S Int. Microw. Symp. Dig., Fort Worth, TX,
USA, 2004, pp. 1657–1659.

[17] C. Sun, T. Su, Q. Zhang, and R. Chen, ‘‘Miniaturized balanced low noise
amplifier for TD-SCDMA application,’’ in Proc. 3rd Asia–Pacific Conf.
Antennas Propag., Harbin, China, Jul. 2014, pp. 1179–1182.

[18] I. D. Robertson, R. Herath, M. Gillick, and J. Bharj, ‘‘Solid state power
amplifier using impedance-transforming branch-line couplers for L-band
satellite systems,’’ in Proc. 23rd Eur. Microw. Conf., Madrid, Spain,
Oct. 1993, pp. 448–450.

[19] T. Imaoka, S. Banba, A. Minakawa, and N. Imai, ‘‘Millimeter-wave wide-
band amplifiers usingmultilayerMMIC technology,’’ IEEE Trans.Microw.
Theory Techn., vol. 45, no. 1, pp. 95–101, Jan. 1997.

[20] S. Masuda, A. Akasegawa, T. Ohki, K. Makiyama, N. Okamoto,
K. Imanishi, T. Kikkawa, and H. Shigematsu, ‘‘Over 10W C-Ku band
GaNMMIC non-uniform distributed power amplifier with broadband cou-
plers,’’ in IEEEMTT-S Int. Microw. Symp. Dig., May 2010, pp. 1388–1391.

[21] E. G. Cristal and L. Young, ‘‘Theory and tables of optimum symmetrical
TEM-mode coupled-transmission-line directional couplers,’’ IEEE Trans.
Microw. Theory Techn., vol. MTT-13, no. 5, pp. 544–558, Sep. 1965.

[22] J. P. Shelton and J. A. Mosko, ‘‘Synthesis and design of wide-band equal-
ripple TEM directional couplers and fixed phase shifters,’’ IEEE Trans.
Microw. Theory Techn., vol. MTT-14, no. 10, pp. 462–473, Oct. 1966.

[23] K. Staszek, P. Kaminski, K. Wincza, and S. Gruszczynski, ‘‘Reduced-
length two-section directional couplers designed as coupled-line sections
connected with the use of uncoupled lines,’’ IEEE Microw. Wireless Com-
pon. Lett., vol. 24, no. 6, pp. 376–378, Jun. 2014.

[24] K. Staszek, K. Wincza, and S. Gruszczynski, ‘‘Multisection couplers with
coupled-line sections having unequal lengths,’’ IEEE Trans. Microw. The-
ory Techn., vol. 62, no. 7, pp. 1461–1469, Jul. 2014.

[25] R. Smolarz, S. Gruszczynski, and K. Wincza, ‘‘Design of broadband
reduced-length directional couplers consisting indirectly coupled lines
sections for planar and MMIC applications,’’ in Proc. 23rd Int. Microw.
Radar Conf. (MIKON), Warsaw, Poland, Oct. 2020, pp. 53–55.

[26] R. Smolarz, S. Gruszczynski, and K. Wincza, ‘‘Multisection ultra-
broadband directional coupler designed in MMIC technology,’’ IEEE
Access, vol. 9, pp. 33478–33486, 2021.

129434 VOLUME 12, 2024



R. Smolarz et al.: Broadband Monolithic GaN Balanced Amplifier

[27] Shailesh, G. Srivastava, and S. Kumar, ‘‘A state-of–the art review
on distributed amplifiers,’’ Wireless Pers. Commun., vol. 117, no. 2,
pp. 1471–1525, Mar. 2021.

[28] C. Meliani and W. Heinrich, ‘‘True broadband technique for on-chip-
series connection of TWAs using differential distributed amplifiers,’’ IEEE
Microw. Wireless Compon. Lett., vol. 19, no. 4, pp. 248–250, Apr. 2009.

[29] O. El-Aassar andG.M. Rebeiz, ‘‘A 120-GHz bandwidth CMOS distributed
power amplifier with multi-drive intra-stack coupling,’’ IEEE Microw.
Wireless Compon. Lett., vol. 30, no. 8, pp. 782–785, Aug. 2020.

[30] H. Helalian, X. Zhu, and M. Atarodi, ‘‘A multioutput and highly effi-
cient GaN distributed power amplifier for compact subarrays in wideband
phased array antennas,’’ IEEE Trans. Microw. Theory Techn., vol. 71,
no. 11, pp. 4800–4813, Nov. 2023

[31] Y. Campos-Roca, A. Tessmann, B. Amado-Rey, S. Wagner, H. Massler,
V. Hurm, and A. Leuther, ‘‘A 200 GHz medium power amplifier MMIC in
cascode metamorphic HEMT technology,’’ IEEE Microw. Wireless Com-
pon. Lett., vol. 24, no. 11, pp. 787–789, Nov. 2014.

[32] D. Hou, Y.-Z. Xiong, W.-L. Goh, W. Hong, and M. Madihian, ‘‘A D-band
cascode amplifier with 24.3 dB gain and 7.7 dBm output power in 0.13
µm SiGe BiCMOS technology,’’ IEEE Microw. Wireless Compon. Lett.,
vol. 22, no. 4, pp. 191–193, Apr. 2012.

[33] J. Hu and K. Ma, ‘‘A 0.1–52-GHz triple cascode amplifier with resis-
tive feedback,’’ IEEE Microw. Wireless Compon. Lett., vol. 29, no. 8,
pp. 538–540, Aug. 2019.

[34] K. Gawel, M. Kalawska, K. Staszek, R. Smolarz, S. Gruszczynski, and
K. Wincza, ‘‘Broadband equal-split directional couplers composed of
Cascade- and tandem-connected coupled-line sections having unequal
lengths,’’ IEEE Access, vol. 9, pp. 117434–117443, 2021.

[35] A. S. A. Fletcher and D. Nirmal, ‘‘A survey of gallium nitride HEMT for
RF and high power applications,’’ Superlattices Microstructures, vol. 109,
pp. 519–537, Sep. 2017.

[36] S. Samis, C. Friesicke, T. Maier, R. Quay, and A. F. Jacob, ‘‘A 41.5 dBm
broadband AlGaN/GaN HEMT balanced power amplifier at K-band,’’ in
Proc. 16th Eur. Microw. Integr. Circuits Conf. (EuMIC), London, U.K.,
Apr. 2022, pp. 164–167.

[37] B. Oliver, ‘‘Directional electromagnetic couplers,’’ Proc. IRE, vol. 42,
no. 11, pp. 1686–1692, Nov. 1954.

[38] P. V. Testa, C. Carta, B. Klein, R. Hahnel, D. Plettemeier, and F. Ellinger,
‘‘A 210-GHz SiGe balanced amplifier for ultrawideband and low-voltage
applications,’’ IEEE Microw. Wireless Compon. Lett., vol. 27, no. 3,
pp. 287–289, Mar. 2017.

ROBERT SMOLARZ received the M.Sc. degree
in electronics engineering from the Silesian Uni-
versity of Technology, Gliwice, Poland, in 2014,
and the Ph.D. degree in electronics engineering
from the AGH University of Science and Tech-
nology (AGH UST), Krakow, Poland, in 2022.
Since 2015, he has been with AGH UST, where he
is a member of the Microwave Research Group,
Department of Electronics. He has three years of
industrial experience in cellular networks develop-

ment. He has coauthored several journals and conference papers. His current
research interests include development of high-performance microwave pas-
sive components utilized in power division circuits, monolithic microwave
integrated circuits (MMIC), and microwave amplifiers design.

KAMIL STASZEK received the M.Sc., Ph.D., and
D.Sc. (Habilitation) degrees in electronics engi-
neering from the AGH University of Science and
Technology, Krakow, Poland, in 2011, 2015, and
2019, respectively. He is an Associate Professor
with the Department of Electronics, AGH Uni-
versity of Science and Technology. He has more
than two years of industrial experience in automo-
tive radars development. He has coauthored over
80 journals and conference scientific papers. His

main scientific research interests include multiport measurement techniques
in sensor applications and design of broadband passive components. He is
a member of the Technical Program Committee of the International Confer-
ence on Microwaves, Radar, and Wireless Communications (MIKON); and
the Junior Vice-Chair of the Polish Section of the International Union of
Radio Science (URSI) Commission A.

SLAWOMIR GRUSZCZYNSKI (Member, IEEE)
received the M.Sc. and Ph.D. degrees in electron-
ics and electrical engineering from the Wroclaw
University of Technology, Wroclaw, Poland, in
2001 and 2006, respectively. From 2001 to 2006,
he was with the Telecommunications Research
Institute, Wroclaw. From 2005 to 2009, he was
with the Institute of Telecommunications, Telein-
formatics, and Acoustics, Wroclaw University of
Technology. He joined the Faculty of Informat-

ics, Electronics, and Telecommunications, AGH University of Science and
Technology, Krakow, Poland, in 2009, where he has been the Head of the
Department of Electronics, since 2012. He has coauthored over 40 journal
and 50 conference scientific papers. He is a member of the Committee of
Electronics and Telecommunications, Polish Academy of Sciences (PAN).

KRZYSZTOF WINCZA received the M.Sc. and
Ph.D. degrees in electronics and electrical engi-
neering from the Wroclaw University of Tech-
nology, Wroclaw, Poland, in 2003 and 2007,
respectively, and the D.Sc. degree (Habilitation)
from the AGH University of Science and Tech-
nology, Krakow, Poland, in 2012. He joined the
Institute of Telecommunications, Teleinformatics
and Acoustics, Wroclaw University of Technol-
ogy, in 2007. Since 2009, he has been an Assistant

Professor with the Department of Electronics, AGH University of Science
and Technology. He attended the training program with Stanford University,
USA, in 2012. He has coauthored over 40 journal articles and over 50 sci-
entific conference papers. His current research interests include analysis
and development of microwave passive devices, such as ultra-broadband
directional couplers, microstrip antenna arrays, composite right-left-handed
artificial transmission lines, and multiport reflectometers. He was a recipient
of the Youth Award presented at the 10th National Symposium of Radio
Sciences (URSI), in 2001; and the Young Scientist Grant awarded by the
Foundation for Polish Science, in 2008. He served as an Expert for the
European Union COST 284 Project, from 2003 to 2006; and the Polish
National Science Center, from 2012 to 2014. From 2014 to 2019, he was an
Editorial Board Member of the IEEE MICROWAVE AND WIRELESS COMPONENTS

LETTERS; and the Technical Program Committee Member of the Interna-
tional Conference on Microwaves, Radar, and Wireless Communications
(MIKON).

VOLUME 12, 2024 129435


