. eprints@whiterose.ac.uk
Whlte Rose https://eprints.whiterose.ac.uk

N
(@) Rresearch onii
N’ esearc niine Universities of Leeds, Sheffield and York

Deposited via The University of Sheffield.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/209170/

Version: Accepted Version

Article:

Poluri, N. and De Souza, M.M. (2023) Ease of matching a load line impedance in a 25 W
contiguous mode class BJF-1 broadband amplifier. IEEE Microwave and Wireless
Technology Letters, 33 (2). pp. 181-184. ISSN: 2771-957X

https://doi.org/10.1109/Imwc.2022.3209573

© 2022 IEEE. Personal use of this material is permitted. Permission from IEEE must be
obtained for all other users, including reprinting/ republishing this material for advertising or
promotional purposes, creating new collective works for resale or redistribution to servers
or lists, or reuse of any copyrighted components of this work in other works. Reproduced
in accordance with the publisher's self-archiving policy.

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

ﬁ %, | University of

UNIVERSITY OF LEEDS & Sheffleld



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1109/lmwc.2022.3209573
https://eprints.whiterose.ac.uk/id/eprint/209170/
https://eprints.whiterose.ac.uk/

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 1

Ease of matching a load line impedance 1n a
25W Contiguous Mode Class BJF! Broadband
Amplifier

Nagaditya Poluri, Member, IEEE and Maria Merlyne De Souza, Sr. Member, IEEE

Abstract— We investigate contiguous modes called “the series
of continuum modes” (SCM) and Class BJF! that offer a resistive
component of the load line impedance that is 1.17 times and 1.7
times that of class B respectively. Both these modes result in a
similar performance of efficiency, output power and gain, but class
BJF-1 has a wider design space and is easier to match. An increase
in the resistive component of the fundamental impedance of class
BJF-1 increases efficiency with minimal impact on the bandwidth
for an inductive load. An amplifier designed in class BJF! using
the CGH40025F demonstrates an average efficiency of 70.8 % and
output power greater than 28W over a bandwidth from 2.2-3.3
GHz, resulting in a comparable frequency weighted efficiency of
91% when compared with other reported amplifiers with similar
fractional bandwidth and output power whilst operating at highest
reported frequency (3.3 GHz) using this device.

Index Terms—Power Amplifiers, SRFT, broadband

1. INTRODUCTION

n a mobile communication network, the PA alone consumes

22%, of the share of the transmitter power [1] and is,, a

critical component to address the energy demands of 5G
technology. Harmonic tuning is an attractive way to address this
challenge. Typically, high-efficiency class F/F! amplifiers can
only be achieved over a narrow bandwidth, due to the
requirements of their resonator-like harmonic terminations. To
address high-frequency dispersion of the matching network
over the entire frequency band is more difficult with
conventional matching networks and typically involves a trade-
off between Pout, efficiency, and bandwidth. Designing a
matching network for higher output powers in a single-stage
amplifier is even more challenging because of a lower optimal
load line resistance and a larger parasitic output capacitance,
which must be canceled out by the matching network. To
transform low impedance matching networks to 50 ohms with
low loss requires special attention as wider transmission lines
increase losses and require more sections for matching.

A load matching network topology with distributed
inductive components, to account for dispersion of the second
harmonic, was proposed in [2]. Their proposed expressions
enabled individual control of the second harmonic for each
frequency over the bandwidth. Multistage Chebyshev low-pass
filters in L-sections were designed to address instability and
compensate for the parasitic input and output capacitances of
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the device [3]. Higher order Chebyshev filters, although more
accurate, were shown to result in more complexity, coupling
between the transmission line segments, and deviation from
simulation [4]. The a priori selection of a matching network
topology is avoided in the simplified real frequency technique
(SRFT) by representing the S-parameters of the network by a
rational polynomial [5].

In comparison to continuous modes, the real component of
the impedance at the fundamental frequency varies, resulting in
a wider range of impedances available in contiguous modes
occupying a 2 dimensional on the Smith chart. However, the
Bode-Fano limit [6] reveals that an increase of the real
component should decrease the bandwidth, for a fixed output
capacitance. This work investigates the impact of an increasing
resistive component of the impedances in the SCM (series of
continuum modes that refer to impedances between class B/J/J*
and continuous class F) [7] and class BJF! (corresponding to
impedances between class B/J/J* and continuous class F!) [8]
on the efficiency and bandwidth. Based on this analysis, we
design a 2.2 GHz - 3.3 GHz 25 W amplifier using CGH40025.
To our knowledge, this is the highest operating frequency using
CGH40025 and the first demonstration of contiguous mode
techniques for a power level above 16 W.

II. CHOOSING AMPLIFIER CLASS AND MATCHING NETWORK

A bias of 28 V drain voltage (Vas) and a drain current (Igsq)
of 300 mA are chosen in this work, as the best compromise
between linearity and efficiency. The optimal load line
impedance is obtained as 13 Q which is 2.5 to 3 times lower
when compared to the CGH40010F. In this respect, contiguous
modes such as SCM and BJF!' are better suited than
conventional classes, because the real part of the fundamental
impedance can be varied up to 1.7 times [7] and 1.17 times [8]
of class B respectively. This aspect will become increasingly
important as the industry strives towards 25W MMICs for 5G
applications in the Ka-band.

A. Investigation of design space of SCM and class BJF!
First, we compare the contours of peak efficiency of the

SCM and class BJF! from the simulation of the CGH40025
over the respective design space at 2.6 GHz in Fig. 1. The
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Fig. 1. PAE contours from the CW simulation of the vendor model of
CGH40025 over the design space of (a) SCM (b) Class BJF'.

theoretical impedances at the intrinsic plane are calculated from
their formulations and embedded to the extrinsic plane using an
approximate parasitic model of the device, shown in the inset
of Fig. 1. The source impedance is fixed to 2-5i for both cases.
It is seen from the contours that both classes yield similar peak
efficiency of 81-83%. Nevertheless, the BJF! design space is
much wider compared to SCM, revealing its advantage. The
variation of the efficiency along the constant resistance circle is
due to dependence of the harmonics generated from the non-
linear drain and feedback capacitances on the load
impedance[9]-[11].

Fig. 1 shows that inductive loads at the fundamental
frequency ie., impedances with the imaginary component
SZine(fo)) > 0 in class BJF! present a larger set of
impedances which achieve efficiency >75 % when compared to
capacitive loads with 3(Z;: (fo)) < 0 in Class BJF! and SCM.
Hence, we focus on the region corresponding to J(Z;,:(fo)) >
0 in class BJF! for our design and the corresponding design
space at the extrinsic plane at 2.6 GHz, is plotted in shaded grey
in Fig. 1. We estimate the bandwidth using a matching network,
shown in Fig. 2 (a), consisting of an N-section, maximally flat
filter, which matches the 50 Q to ER(Z Lext( fo)) and a
transmission line (TL) to match SR(ZL,ext(fO)) t0 Z, et (f0)-
The fractional bandwidth (FBW), in this case, is limited either
due to the TL line (FBW1) or the filter (FBW2 [6]) and is
expressed as min(FBW1, FBW?2), where

FBW1 = R(Zpext (o)) /3(Z1,exe (fo))
FBW2 = 2 = (4/m) cos™* (0.5%/T,,./I4])
Where A=2"N|R(Z, cxt () — Zo|/|R(ZLext) + Zo| and
the mismatch (I, = max (|Z,, oxe (fo) — Zun(F)])) is the
maximum difference between the target impedance (Z ..+ (fo))

and the impedance of the matching network (Z,5(f)) over the
bandwidth. The estimated FBW at 2.6 GHz for the Z;,; varied,

(bp-305z,,)
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Fig. 2. (a) Equivalent circuit used for analyzing the bandwidth over the design
space. (b) Plot of the fractional bandwidth (FBW) as the target fundamental
impedance is varied over the design space.
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Fig. 3. (a) Simulated Gain, Output power, and PAE for the load impedances
of SCM and Class BJF' choosen from high-efficiency region shown in Fig. 1.
(b) The simulated magnitude of fundamental components of intrinsic drain
voltage (Vsi(fo)), drain current (Isi(fo)), and the phase difference between the
voltage and current (Wy;).

as shown by the dashed lines in Fig. 1, is plotted in Fig. 2 (b),
and shows that decreasing the J3(Z;,,;) results in slightly higher
bandwidth. The increase in R(Z;,,) has a minimal impact on
the FBW. However, as can be seen from Fig. 1, an increase in
R(Zne) for I(Z;,:) > 0 improves the efficiency indicating that
higher efficiency (>75%) can be achieved without sacrificing
the FBW. This analysis pertinent only to contiguous mode
design represents a best-case scenario because further tuning of
the matching network is required to meet the impedances at the
second harmonic frequency.

The simulated performance of amplifiers based on SCM and
class BJF! for impedances selected from the high-efficiency
regions in Fig. 1, is plotted in Fig. 3 (a). It is seen that the gain,
output power, and efficiency are nearly identical for both
amplifiers, even though current manipulation (peaking of the
current to left or right [14] [8]) in class BJF!' only kicks in at
high input powers. Comparing the magnitude of fundamental
components of the intrinsic drain voltage (Vsi(fo)), drain
current (Iusi(fo)), and the phase difference, in Fig 3 (b), between
the voltage and current (¥},;) with input power in both classes,
it is observed that |Vgsi(fo)| is nearly the same but BJF! shows
a significantly lower ¥;,; compared to SCM. This implies that
a reduction in the magnitude of Iui(fo) is compensated by a
reduction in the phase, leading to their similar amplifier
response in Fig. 3 (a). Current manipulated waveforms are
particularly beneficial for deep “knee” characteristic
semiconductors such as GaN.

B. Choosing matching network

We use the approach which simultaneously optimizes the
choice of target impedance with frequency and the matching
network topology. The algorithm only requires the class of
amplifier, target frequency range, and approximate parasitic
network at the drain to be identified [15]. In such a case, the
impedances in the design space, matching network expressed as
SRFT coefficients, and the performance of the amplifier (PAE
in this case) can be expressed as an array[16] which is passed
to an optimization algorithm to search for the matching
network. A constraint on our matching network is a purely
reactive impedance at the second harmonic (ie., 5.2 GHz — 7.8
GHz) to maintain high efficiency. The synthesized load and
source matching networks are shown in Fig. 4 and the length
and width of the matching network are optimized by EM
simulations.

III. DESIGNED AMPLIFIER

A photograph of the designed amplifier is shown in Fig. 5 (a).
The measured load matching network is compared with the
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Fig. 4. Synthesized load and source matching network from the SRFT
coefficients. Length of all the transmission lines is one-eight of the wavelength
at 5 GHz.
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Fig. 5.
measured and simulated load impedances at the fundamental and second
harmonic frequencies.

(a) Photograph of the designed amplifier. (b) Comparison of the

simulation of its EM model in Fig. 5 (b). We observe that the
measured impedances are shifted in frequency when compared
with simulated impedances both at the fundamental as well as
the second harmonic frequencies. This can be resolved in the
future by using a taper between the transmission lines to avoid
large differences in widths. The amplifier has 400 and 600 MHz
shifts at the lower and upper end of the bandwidth consistent
with frequency shift in impedances in Fig. 5 (b). Despite this
discrepancy, we still achieve an excellent performance which is
attributed to the large high-efficiency region, seen in Fig. 1, of
the class of amplifier, resulting in immunity to impedance
mismatch of class BJF-!. The measured Gain, output power, and
Drain efficiency (DE) between 2.2 — 3.3 GHz are plotted in Fig.
6 (a). The amplifier demonstrates an efficiency between 63 -75
% at a saturated output power of 44.5 -45.2 dBm with an
average efficiency of 70.8% over the 1.1 GHz (40 %)
bandwidth. The gain variation is 2 dB from 11.7-13.9 dB. The
frequency weighted efficiency (FE) of the amplifier is 91.6
%(GHz)"*. The reduction of the efficiency at the lower end of
the band ie., at 2.2 GHz is because of the resistive component
of the second harmonic impedance seen in Fig. 5 (b). The
measured IMD3 versus the average output power, with a tone
separation of 200 kHz, of the designed amplifier is plotted in
Fig. 6 (b). The IMD3 of the amplifier lies below -20 dBc and -
25 dBc for power levels up to 40.1 dBm and 42.5 dBm
respectively up to 3.2 GHz, except at the edge of the band at 3.3
GHz, demonstrating good linearity. The performance of the
measured amplifier is compared with others of a similar FBW
and output power in Table 1. The FE of the amplifier is seen to
be higher than the reported amplifiers except for [3] and [18].
However, the designed amplifier operates over a higher FBW
when compared with [3] and [18]. The plot of FE vs FBW in

@_g> %o

= 2 w40 Output PoweF ~ CGH40025F

£E -0 | ‘ i Vdsq=28V

S 3 s e — N O 5 ldsqz300ma
QX 22 24 26 28 30 32
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Fig. 6. (a) The measured Drain efficiency (DE), Power-Added Efficiency
(PAE), output power, and Gain of designed amplifier with frequency. (b) The
measured IMD?3 for the two-tone signal with 200 kHz frequency seperation of
the designed amplifier. (c) Frequency weighted efficiency (FE) vs bandwidth
of the amplifiers reported in literature having similar fractional bandwidth and
output power level

Table 1. Comparison of the designed amplifiers with literature have similar
fractional bandwidth and output power level

Ref. BW Gain Pout DE, AE FE
(GHz, %) (dB) (dBm) (% ,%) (%VGHz)
[12]]| 1.5-2.5,50 9.6-12.8 | 39.5-41.5 | 60-75, 64.1 76.2
[17]| 1.8-2.7,40 7.6-10 42 -44.6 | 48-65.2,649 | 79.5
[13]] 1.5-2.9,63.6 | 9.3-13.3 | 39.4-41.9 | 60-76.5,64.1 | 78.1
[2] | 1.8-2.3,25 | 8.7-13.9 | 45-47.7 60-76, 66 78.7
[5] 1.9-2.9,42 10-11.8 | 44.5-46.6 | 60-66, 63.1 78.5
[3]1 | 1.7-2.3,30 11.5-13 | 43.4-45.1 | 73-80,77.2 91.8
[4] 1.1-2.7, 84 9.0-12.0 | 43-449 65-75,72.0 84.6
[18] ]| 2.3-2.95,25 - 43.4-453 | 68-73.8,71.8 | 914
[18] ]| 2.3-2.95,25 - 43.2-44.6 | 71-74.8,73.4 | 934
This (2.2-3.3, 40 11.7-13.9 |44.5-45.7 |63-75,70.8 91.2
amp.
Frequency weighted efficiency(FE)= Average efficiency (AE) multiplied by
the fourth root of the centre frequency, as defined in [19]-[21]

Fig 6(c) reveals its superior performance.

IV. CONCLUSIONS

A comparison of the series of continuum modes and class
BJF! reveals that both modes result in similar amplifier
performance, however, class BJF! has a larger high-efficiency
design space when compared to SCM and offers a higher real
part of the impedance than SCM, making it easier to match.
This information enables designers in making a judicious
choice of engineering waveforms. At 2.6 GHz, inductive
loading at the fundamental frequency offers a larger high-
efficiency region when compared to capacitive with high
efficiency (>75%) without sacrificing the bandwidth by
increasing the resistive component, unlike continuous mode
amplifiers. Our design methodology achieves an average
efficiency of 70.8 % and output power of 28 W over the
bandwidth 2.2-3.3 GHz, resulting in one of the highest
frequency weighted efficiency when compared with other
reported amplifiers with similar fractional bandwidth and
output power.
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