
 
 

Delft University of Technology

Efficient waveguide power combiners at mm-wave frequencies

van Schelven, Ralph ; Spirito, Marco; Cavallo, Daniele

DOI
10.1049/mia2.12349
Publication date
2023
Document Version
Final published version
Published in
IET Microwaves, Antennas and Propagation

Citation (APA)
van Schelven, R., Spirito, M., & Cavallo, D. (2023). Efficient waveguide power combiners at mm-wave
frequencies. IET Microwaves, Antennas and Propagation, 17(6), 467-477.
https://doi.org/10.1049/mia2.12349

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1049/mia2.12349
https://doi.org/10.1049/mia2.12349


https://ietresearch.onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3Ae23f9ac8-3329-474d-91b9-f0ff12401725&url=https%3A%2F%2Fietresearch.onlinelibrary.wiley.com%2Fhub%2Fjournal%2F17518733%2Fhomepage%2Fcfp%3Futm_medium%3Ddisplay%26utm_source%3Ddartads%26utm_content%3DIET_ePDF_call_for_papers_feb23%26utm_term%3DMAP&pubDoi=10.1049/mia2.12349&viewOrigin=offlinePdf


Received: 9 November 2022 - Revised: 27 January 2023 - Accepted: 11 February 2023 - IET Microwaves, Antennas & Propagation
DOI: 10.1049/mia2.12349

OR I G INAL RE SEARCH

Efficient waveguide power combiners at mm‐wave frequencies

Ralph M. van Schelven | Marco Spirito | Daniele Cavallo

Microelectronics Department, Delft University of
Technology, Delft, The Netherlands

Correspondence

Daniele Cavallo, Microelectronics Department, Delft
University of Technology, Delft, The Netherlands.
Email: d.cavallo@tudelft.nl

Funding information

NXP Semiconductors, Grant/Award Number:
15591

Abstract
In this study, an efficient power combiner for mm‐wave frequency transmitters is
investigated. The combiner is based on a parallel plate waveguide (PPW) excited with
multiple parallel feeds. The Doherty power combiner scheme is also integrated in the
proposed concept, to increase the efficiency of the amplifiers when implementing
amplitude modulation. The advantage of the proposed PPW combiner with respect to
other concepts, for example, the ones based on substrate‐integrated waveguide, is the
wider bandwidth and the scalability to an arbitrary number of inputs. Measured results
from a demonstrator realised in standard printed circuit board technology are presented.
Two variations of the combiner are implemented, one terminated with a 50 Ω coaxial
output, and another integrated with an antenna. In the latter case, the waveguide is folded
so that both the power combiner and the antenna fit within a half wavelength size, and
thus would be compatible with a dense antenna array implementation.
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1 | INTRODUCTION

The fifth generation of mobile communications (5G) has been
conceived to meet the growing wireless traffic demands of the
coming decade. Challenging requirements on the 5G networks
are set to allow for data volume increase, network scalability,
and efficient network operation. A key enabler of 5G is the
mm‐wave frequency range, which can provide large spectrum
and consequently high‐data rates. This work specifically fo-
cuses on the allocated band around 28 GHz.

One of the most challenging aspect of mm‐wave commu-
nication is related to the efficient generation of radio frequency
power. Currently reported mm‐wave power amplifiers (PAs) are
unable to reach the required output power to account for the loss
margins in commercial applications [1, 2]. One typical way to
increase the available output power is to combine the signals
from multiple PAs using a power combiner. Power combiners in
the mm‐wave frequency range have been a topic of investigation
for many years [3, 4]. Typical solutions are Wilkinson‐based
combiners [5], but they present area occupancy and losses that
grow directly with the number of combined elements. More
compact combiners have been proposed [6–8], based on parallel

or series combination, but their operation is restricted by factors
such as impedance variation with number of elements, narrow
bandwidth and limited impedance transformation. Waveguide‐
based power combiners were presented in [9–16]. An impor-
tant advantage of this type of structures, with respect to Wil-
kinson or transformer based combiners, is that the insertion
losses do not increase with the number of feeds, thus resulting in
efficient power combiners if a large number of PAs is needed to
meet the required output power.

Besides the output power levels, another limitation of mm‐
wave PAs is the low efficiency [17]. In communication applica-
tions, to increase the channel capacity, signal modulations are
applied that require the transmitter to deliver a range of output
power. By decreasing the output power of the PAs, their oper-
ating efficiency is reduced. To overcome this problem, a Doherty
power combiner [18] can be implemented, which connects and
excites multiple PAs in such a way that the overall operating
efficiency of the PAs is maximised for a range of output power.
Examples of the implementation of a Doherty power combiner
for 5G applications are presented in refs. [19, 20].

In this work, we propose to combine parallel plate waveguide
(PPW) power combiner that also includes a Doherty scheme.
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When comparing with rectangular waveguide power combiners
presented in [11, 12, 21], the PPW‐based solution given here can
achieve much wider bandwidth, thanks to the non‐dispersive
impedance characteristic of the PPW. Moreover, the concept is
easily scalable to larger number of inputs, since the impedance of
each feed is independent on the number of feeds. A 6‐to‐1
combiner has been fabricated in standard printed circuit board
(PCB) technology and tested. Measured results confirm the low
loss and wideband characteristics of the presented concept. A
possible integration of the combiner with an antenna operating
at around 28 GHz is also proposed and experimentally validated.

2 | PARALLEL PLATE WAVEGUIDE
COMBINER

We consider a PPW as shown in Figure 1a. For the transverse
electromagnetic (TEM) mode, neglecting fringing fields, the
characteristic impedance is given by ZPPW = ζ h/w, where ζ is
the intrinsic impedance of the material filling the PPW, h is the
height of the PPW and w is its width. If a delta‐gap source is
exciting the PPW of semi‐infinite length, the input impedance
of the source is approximately equal to ZPPW.

If one considers a periodic version of the same geometry
(Figure 1b), where an infinite array of PPW fed by delta‐gap
sources are connected in the transverse dimension, the active
input impedance of each source is also approximately equal to
Zact = ζ h/w, where w now refers to the transverse period.
Therefore, assuming that no power leaks from the sides of the
PPW, that is, the height h is much smaller than the wavelength,
the input impedances in both configurations shown in Figure 1
are the same and frequency independent.

To emphasise the non‐dispersive properties of PPW
combiner, Figure 2 shows a comparison between the active
input impedances of a 12‐feed power combiner implemented
in a substrate‐integrated waveguide (SIW) and in a PPW, over
the frequency range of interest. The height of the structure is
h = 100 μm and the width of the sections is w = 400 μm, also
equal to the centre‐to‐centre distance between feeds. The
waveguides are filled with a dielectric with relative permittivity
εr = 3.66, such that the characteristic impedance is
ZPPW = 50 Ω. The feeds are all exited with equal amplitude
and phase. Due to the symmetric nature of the structures, only
the active impedance of 6 ports are shown. It is clear from
Figure 2 that the active input impedance seen from the

different ports inside the SIW is not only frequency dependent,
but also largely varying from port to port. On the contrary, the
active impedances for the PPW are nearly constant with fre-
quency and show very little variation between the different
ports.

It can be expected that, in the SIW case, providing
different weights to the feeds according to the sinusoidal dis-
tribution of the fundamental TE10 mode would improve the
impedance variability, but this is not practical. Moreover,
although individual SIWs fed by a single PA and then com-
bined in pairs by means of T‐junctions would give a stable
impedance at all the inputs, they would also result in a much
larger structure: each of the 12 SIWs has to be wider than half
wavelength (≈ 3.5 mm) for the TE10 mode to propagate, while
the entire combiner considered in Figure 2 is 4.8 mm wide.

3 | PPW PARALLEL DOHERTY
COMBINER

In this section we propose a concept that combines the PPW
parallel combiner with the Doherty scheme. The Doherty
combiner [18] provides a matching network, which aims at
maximising the efficiency of the PAs over a range of output
power. The circuit model is shown Figure 3a, which represents
a two‐way series Doherty combiner [20]. This consists of two
PAs, one referred as ‘main’ and the other as ‘peaking’, con-
nected by a quarter‐wave transmission line with characteristic
impedance Z0. The output load is indicated as Zl and can
represent, for instance, a waveguide or a radiating structure.
The two PAs are assumed to be identical and can be repre-
sented as equivalent, voltage controlled, Norton current
sources, as described in Appendix. By tuning the control signal

F I GURE 1 (a) Single parallel plate waveguide (PPW) fed with a lumped
port depicted as a red rectangle and (b) multiple connected PPWs in parallel.

F I GURE 2 Comparison of active (a) input resistance and (b) input
reactance seen from 12 ports feeding a parallel plate waveguide (PPW)
(dashed) and a substrate‐integrated waveguide (SIW) (solid). Because of
symmetry, only the impedances of 6 feeds are shown.
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vin, both the current and the impedance of the Norton sources
vary, to provide a desired level input power.

To implement the Doherty scheme, the values of the
equivalent generator currents for the main and peaking PAs, Im
and Ip, depend on vin as follows

ImðvinÞ ¼ vin=Znorm ð1Þ

IpðvinÞ ¼

�
jð2vin − 1Þ=Znorm for vin ≥ 0:5
0 otherwise ð2Þ

where Znorm is a frequency‐dependent normalisation imped-
ance, which depends on the maximum value of vin that satisfies
the condition (A4). The generator currents are plotted in
Figure 3b as a function of vin. Following the steps as described
in ref. [26], it is found that the characteristic impedance of the
quarter‐wave section must satisfy the condition Z0 = Zl/2. The
normalised input impedance, as seen from the main PA and
the peaking PA, of an ideal combiner as a function of vin, is
shown in Figure 3c. It can be seen that the input impedance of
the main PA is constant Zin,m = Zl until vin = 0.5 (referred to
as power back‐off), after which it decreases to half its original
value Zin,m = Zl/2. The input impedance of the peaking PA
starts from infinity at power back‐off and drops to Zin,p = Zl/2
for vin = 1 (full power).

A PPW implementation of the two‐way Doherty combiner
is shown in Figure 4a. The PPW consists of two sections, one
quarter‐wave long between the main PA and the peaking PA,
with height h1, and another representing the output waveguide,
with height h2 and characteristic impedance equal to Zl. The
heights of the two sections are related by h1 = h2/2, so that the
characteristic impedance of the quarter wave section is
Z0 = Zl/2. The PAs are represented as delta‐gap sources

located in slots etched on the top metal plate of the PPW.
Similar to the structure described in Section 2, multiple feeds
can be placed in each slot as in Figure 4b, without significantly
altering the input impedances seen by the feeds. The width of
the PPW increases with number of parallel feeds N and the
characteristic impedance of the entire PPW decreases accord-
ingly as Zl/N, but can be tapered to a higher impedance and be
connected, for instance, to a radiating structure. As an
example, the PPW Doherty combiner with three main and
three peaking PAs is considered. The PPW is filled with a
material with εr = 3.66. The width of the three PPW sections is
w = 750 μm, h1 = 101 μm and h2 = 202 μm. The characteristic
impedances of the two waveguide sections are Z0 = 25 Ω and
Zl = 50 Ω.

4 | SIMULATION RESULTS

The structure is simulated in CST and the S‐parameters are
combined in post‐processing to calculate the active imped-
ances and the efficiency. The inputs representing the main
PAs are numbered 1, 2, and 3, while the peaking PAs are
numbered 4, 5, and 6. Figure 5a shows the active impedances
seen from the main PAs at power back‐off, for which ports
1, 2, and 3 are active, while ports 4, 5, and 6 are switched off.
The passive ports are assumed to be terminated on a load
Zp = 480 Ω, which represents the parasitics of the PA when
it is inactive, as described in Appendix. The figure also shows
the generator impedance Zm, as a function of frequency. It
can be seen that the value of the generator impedance Zm
differs from the ideal value of 50 Ω and varies as a function
of the frequency, to satisfy the condition (A4). The stepped
nature of the generator impedance curve is due to the
assumption that the PA is composed of a finite number of
sub‐PAs, that are either on or off (see Appendix), resulting in
a quantised characteristic.

Similarly, the active input impedances and the generator
impedances at full power, when all 6 ports are active, are
shown in Figure 5b. In this case, the input impedances and the
generator impedances are seen to be approximately equal to
half of their values for the power back‐off case, as expected.

The efficiency of the combiner is found as the ratio be-
tween the output power, Pout, and the supply power Psupply, as

F I GURE 3 (a) Circuit representation of a two‐way series Doherty
combiner, (b) normalised generator current and (c) input impedance of an
ideal combiner as seen from the main power amplifier (PA) and the peaking
PA as a function of vin.

F I GURE 4 Parallel plate waveguide (PPW) implementation of a
Doherty power combiner, for (a) a single main and peaking power amplifier
(PA) and (b) multiple main and peaking PAs in parallel.

van SCHELVEN ET AL. - 3
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defined in Appendix. Figure 5c shows the efficiency of the
combiner at 28 GHz as a function of the normalised input
voltage vin. The characteristic efficiency curve of a Doherty
combiner can be observed, with peaks both at power back‐off
and at full power. The efficiency as a function of frequency is
presented in Figure 5d. Three curves are shown: the efficiency
at power back‐off, the efficiency at full power and the average
efficiency between these two points. It can be seen that, over
the entire frequency range of interest, all three curves are
higher than 60%. Note that the maximum theoretical efficiency
is 79% from Equation (A3).

5 | PCB DEMONSTRATOR AND
MEASURED RESULTS

To validate the concept described in the previous section, a
demonstrator is fabricated in standard PCB technology. A 6‐
to‐1 PPW Doherty combiner is designed, where the transition
from the PPW with characteristic impedance Zl = 50/3 ≈
17 Ω to a 50 Ω microstrip output is realised using a tapered
impedance transformer of length ltaper, as shown in Figure 6a.

A section with length lPPW of straight PPW separates the
feeding slots from the taper, to ensure that the desired TEM
mode is formed before entering the PPW taper. Comparing
Figure 6a with Figure 4b, it can be seen that the feeding slots
have been placed on the side of the PPW with the electric field
oriented vertically. This allows placing the feeding lines in the
same metal layers as the top and bottom plates of the PPW,
making the routing of the feeding microstrip lines more

convenient. Figure 6b shows the schematic side view of the
PCB stack‐up. Four metal layers are considered, printed on
Rogers RO4350 B dielectric slabs (εr = 3.66, tanδ = 0.0037 at
10 GHz) with a height of 101 μm. The two slabs are then
bonded together using Rogers RO4450 F bondply (εr = 3.52,
tanδ = 0.004 at 10 GHz), of the same height.

The geometrical parameters of the design are h1 = 101 μm,
h2 = 202 μm, w = 750 μm, lPPW = 1.4 mm and
ltaper = 5.6 mm. The width of the microstrip feeding lines is
wline = 200 μm, with characteristic impedance of 50 Ω. The
lines extend a few centimetres to reach top mounted 50 Ω
Rosenberger 02K722‐40MS3 solderless connectors. Figure 7
shows the fabricated demonstrator. It can be seen from
Figure 7a that Through‐Reflect‐Line (TRL) calibration lines are
also present on the board, to de‐embed the effect of the
connectors and the different feeding lines, placing the refer-
ence plane of the measurements at the location where the
microstrips feed the PPW (Figure 7d). All the 7‐port S‐
parameters have been measured, with the passive ports
terminated on 50 Ω loads. Also the error boxes of the feeding
lines have been characterised by measuring the TRL structures.
When de‐embedding the error boxes, the results in Figure 8 are
obtained for the passive reflection coefficients at the input
ports. It can be seen that the measured curves oscillate around
the simulated ones for most cases. Nevertheless, a problem
with port 5 is observed, that is, the measured curve in
Figure 8d shows a clear resonance around 29 GHz that is not
present in the simulation. Large oscillations of the measured
S15 with respect to simulations are also observed.

To investigate the causes of this discrepancy, we apply the
inverse Fourier transform of the S‐parameters Sii for i= (4; 5; 6)
and plot the time‐domain signals associated with the ports 4, 5
and 6 in Figure 9a, as a function of the distance from the cable
tip. From this analysis we observed that ports 4 and 6 only
exhibit a main reflection at the end of the feeding line, as ex-
pected. On the contrary, S55 shows an additional unexpected
reflection at a distance indicated byX, which corresponds to the
region where the line of port 5 (line 5) runs underneath the
connector of port 2 (see Figure 9b). In this region several plated
through hole vias are present, which causes a sinking effect of
the microstrip line locally around the vias, as shown in Figure 10.
The prepreg tends to fill the via holes, so that the microstrip line
locally drops closer to the ground plane, yielding a variation of

F I GURE 5 Active impedance seen from the six power amplifiers
(PAs) in the parallel plate waveguide (PPW) Doherty combiner (a) at power
back‐off and (b) at full power. Efficiency of the PPW Doherty combiner
(c) for increasing vin at 28 GHz and (d) as a function of frequency. The
efficiency is shown at power back‐off, at full power and the average
efficiency between back‐off and full power.

F I GURE 6 (a) Design of the 6‐to‐1 parallel plate waveguide (PPW)
Doherty combiner with a tapered impedance transformer from the PPW to
the output microstrip; (b) schematic sideview of the printed circuit board
(PCB) stack‐up.

4 - van SCHELVEN ET AL.
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the characteristic impedance. This phenomenon occurs in the
device under test, but not in TRL structure, where the vias are
not present. To confirm the given explanation, we simulated the

structure with a microstrip line locally sunk by 60 μm and the
simulated results reproduce better the measured ones, as shown
in Figure 11, for both the total structure and after de‐
embedding. In the remainder of the section, we then consider
the simulated line 5 for the de‐embedding of the error box,
instead of the TRL measurements. While this approach im-
proves the quality of the results for the device under test, the
hybrid de‐embedding procedure causes some residual inaccu-
racy in calibrating out the error boxes.

The reflection coefficients in Figure 8 are relative high,
because they refer to passive parameters. Instead, the structure
is designed to be matched in terms of active reflection co-
efficients, that is, when all ports are simultaneously excited. In
this section, the input ports are combined by a post‐processing
procedure, according to the Doherty combining scheme [18].
Figures 12a,b show the active impedance of the different ports
as a function of the frequency at back‐off and at full power
respectively. It can be seen that the active impedances of ports
1, 2, and 3 at back‐off are oscillate around 50 Ω, while at full
power the active impedances fluctuate around 25 Ω. The effect
of the oscillations of the impedances compared to the ideal
values can be quantified by investigating the PA efficiency as a
function of frequency in Figure 12c. Three curves are shown:
the PA efficiency at back‐off, at full power and the average
value between these two points. The measured efficiency is
slightly lower than the simulated one, mainly due to residual
mismatch of the error boxes. However, within the frequency

F I GURE 7 Photographs of the fabricated demonstrator: (a) entire
board with demonstrator and TRL‐calibration lines, (b) zoom of the 6‐to‐1
parallel plate waveguide (PPW) Doherty combiner with port numbering
and reference planes; (c) back view of the assembled demonstrator board;
(d) top mounted coaxial connectors.

F I GURE 8 Comparison between simulated and measured reflection
coefficients after de‐embedding: (a) S11 and S33, (b) S22, (c) S44 and S66,
(d) S55, (e) S12 and S14, (f) S13 and S15.

F I GURE 9 Time domain analysis for S44, S55 and S66. Several expected
reflections are indicated, as well as an unexpected reflection. (b) Routing of
line 5 to go underneath the vias of connector 2.

F I GURE 1 0 Effect of routing a microstrip line over vias in the
ground plane: (a) microstrip line as designed; (b) metal plated vias are
introduced beneath the line; (c) during the bonding process the melted
prepreg thins down by filling the via holes, changing the characteristic
impedance of the line.

van SCHELVEN ET AL. - 5

 17518733, 0, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/m

ia2.12349 by T
u D

elft, W
iley O

nline L
ibrary on [03/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



band from 24 to 32 GHz all three curves of the PA efficiency
are higher than 50% and oscillating around 60%, confirming
the wideband characteristic of the combiner. The IL due to
Ohmic losses and radiation of the structure can be estimated as

ILdB ¼ −10 log10

X7

i¼1

jSi7j2: ð3Þ

A comparison between the simulated and measured IL is
shown in Figure 12d. The measured loss oscillates around the
simulated value. Again, these fluctuations are consistent with
the non‐ideality of the TRL calibration. It can be noted that the
insertion losses for the two excitation cases are approximately
equal, thus they do not increase when doubling the number of
feeds from three to six.

6 | INTEGRATION WITH ANTENNA

This section describes the integration of the PPW Doherty
combiner with an antenna. A PCB demonstrator is fabricated
and measurements are presented. An advantage of the pro-
posed combiner is the convenient integration with a radiating
element. In Section 4 the PPW was ended in a 50 Ω microstrip
output. In this section, the combiner is directly connected to an
antenna. A conceptual drawing of the combiner‐antenna co‐
design is shown in Figure 13a. A chip with the PAs can be
connected in a flipped chip configuration to the PCB, so that
the PAs excite the PPW. The waveguide has a tapered bottom
plate, similar to the previous design, is folded over its top plate
through a via and is connected to a patch antenna. The top
plate of the waveguide now also serves as a backing reflector
for the patch antenna. A matching layer is added above the
patch as superstrate, realised using artificial dielectric layers
(ADLs) [23, 24]. By folding the waveguide, the total size of the
structure can be reduced to fit within a half wavelength unit
cell making it suitable to be used in a phased array.

In this paper, we demonstrate the combiner‐to‐antenna
transition, while the integration with the chip will be the
scope of a future work. The 6‐to‐1 combiner with the antenna
are designed with the same layer stack‐up as the combiner
alone. The PPW Doherty combiner until the taper is identical
to the design depicted in Figure 6. The plate on M1 is tapered
to a smaller width and is connected through a via to M4, where
the patch antenna is printed (see Figure 13b). The total size of
the patch antenna is 2.1 � 2.1 mm, to resonate around
28 GHz. Because of the very close proximity of the patch
antenna to the backing reflector, a three layer ADL superstrate
is added as a matching layer [25]. The ADL superstrate en-
hances the front‐to‐back ratio of the antenna, therefore
improving the impedance matching. The ADLs are also
fabricated in the same layer stack‐up, cut out and glued to the
board on top of the antenna (see Figure 13c). The dimensions
of the ADL, as depicted in the inset of Figure 13a, are
p = 1.2 mm, w = 0.3 mm and s = 0.35p, so that the effective
relative permittivity of the ADL for normal incidence is
εr = 70. The patch antenna is matched to 25 Ω, allowing for a
shorter tapered section transforming from 17 to 25 Ω, rather
than to 50 Ω as for the combiner with coaxial output. The 6‐
to‐1 combiner with antenna is simulated in CST and the active
S‐parameters are considered both at back‐off (Zm = 50 Ω,
Zp = 480 Ω) and at full power (Zm = Zp = 25 Ω). The antenna
impedance is presented in Figure 14a and the resulting S‐
parameters of the combiner terminated with the antenna are
shown in Figures 14b,c. It can be seen that the total structure is
well matched (Sact < −10 dB) over about a 2 GHz bandwidth
centred at 28 GHz. Although wider bandwidth could be ach-
ieved by increasing the distance between the patch antenna and
the backing reflector, the scope of this prototype is to
demonstrate the combiner‐antenna transition more than to
maximise the bandwidth. Figure 14d shows the simulated
operating efficiency at back‐off, full power and the average
efficiency between these two points for the combiner inte-
grated with the antenna. It can be seen that all three curves are

F I GURE 1 1 (a) Comparison between measured and simulated S55

with error boxes included and after de‐embedding, where the error box of
line 5 is simulated considering (b) a sunk region of the microstrip around
the vias.

F I GURE 1 2 Active impedance seen from the power amplifiers (PAs)
(a) at back‐off and (b) at full power; (c) comparison between PA efficiency
at back‐off, full power and the average value, calculated from the simulated
and measured structure; (d) (b) Measured insertion losses of the combiner
at back‐off and at full power.
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higher than 0.5 within the antenna matching bandwidth. The
small peaks in the efficiency curves come from the way the PA
is modelled, as described in Appendix A: the number of sub‐
PAs that are active is varied to verify the condition in Equa-
tion (A4), resulting in a discontinuous behaviour of the effi-
ciency curves, especially in the frequency range when higher
mismatch occurs.

The fabricated demonstrator of the 6‐to‐1 combiner with
antenna is shown in Figure 15. The feeding network is identical
to one used for the combiner without antenna in Section 4.

Figure 16 shows the comparison between several measured
and simulated S‐parameters of the total structure, including the
feeding lines and the connectors. It can be seen that most
measured curves follow a similar trend as the simulated ones.
Similar comparison was observed for ports 4, 5, and 6, not
shown here for the sake of brevity. It can be seen that, while all
the simulated values are slightly higher than the measured ones,
S22 shows a different behaviour, as well as an unexpected dip at
33 GHz. This discrepancy is also visible in the phases of the S‐
parameters, as shown in Figure 17. A good agreement can be
seen for most curves, however there is a phase difference
between the simulated and measured values for the S‐
parameters involving port 2. By applying an inverse Fourier

F I GURE 1 3 (a) Concept of combiner integrated with antenna within
a half wavelength unit cell, with artificial dielectric layers (ADLs) added for
impedance matching; (b) designed 6‐to‐1 combiner with antenna and
(c) same structure with artificial dielectric superstrate.

F I GURE 1 4 (a) Input impedance of the patch antenna with artificial
dielectric layer (ADL) superstrate; Active S‐parameters of the combiner
with antenna: (b) back‐off, (c) full power; (d) Operating efficiency of the
power amplifiers (PAs), calculated as described in Section 3.

F I GURE 1 5 Fabricated 6‐to‐1 combiner with antenna. (a) Back.
(b) Front without connectors and artificial dielectric layer (ADL). (c) Front
with connectors and ADL attached.

F I GURE 1 6 Comparison between simulated and measured amplitude
of (a) S11, (b) S12, (c) S13, (d) S14, (e) S22, and (f) S23.

van SCHELVEN ET AL. - 7
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transform on the spectrum of the S‐parameters, a time‐domain
analysis is performed. Figure 18 shows the time‐domain
reflection coefficient of ports 1, 2, and 3 for the combiner
without antenna (Section 4) and with antenna. In both figures,
clear reflections can be seen at the end of the feeding lines, as
expected. However, it can be seen that an extra reflection
occurs for port 2, at a distance that corresponds to the
connector. This problem appears to be due to a local
compression of the PCB after screwing the solderless con-
nectors multiple times.

The measured radiation pattern of the antenna is presented
in Figures 19a,b, compared with simulations, for both E− and

H‐plane at 28 GHz. Both co‐ and cross polarisation show a
good comparison. Higher differences are observed at very
wide angles, especially in the H‐plane. These are due to the
absorbers placed beside the antenna to shield the edges of the
support structure, as schematically shown in Figure 19c.

Figure 20 shows a comparison between gain and directivity
of the structure when port 1 is excited. Measured results are
compared with simulation from CST Studio Suite. The
measured value for the directivity is calculated by estimating
the radiated power from a linear interpolation between the two
principal planes. For the simulated gain, a range is presented
between an upper bound, corresponding to surface roughness
equal to 0.4 μm, and a lower bound referring to a root mean
square roughness of 2.8 μm, as specified in ref. [27]. The
measured gain is observed to mostly fall within this range. It is
important to note that, in the region of maximum gain around
27 GHz, the difference between directivity and gain is
approximately 5 dB in both simulations and measurements.
This value includes the effect of the feeding lines. Simulations
of the structure without the feeding lines shows that about
1 dB total losses are associated with the power combiner and
the antenna.

F I GURE 1 7 Comparison between simulated and measured phase of
(a) S11, (b) S12, (c) S13, (d) S14, (e) S22, and (f) S23.

F I GURE 1 8 Time domain representation of the measured values of
S11, S22 and S33 for (a) the structure with the tapered impedance
transformer from Section 4, and (b) the structure with the antenna.

F I GURE 1 9 Comparison between measurements and CST of the
normalised (a) E‐plane and (b) H‐plane patterns, at 28 GHz; (c) Schematic
drawing of measurement setup, explaining lower values for high angles.

F I GURE 2 0 Comparison between simulation and measurement of
gain and directivity.

8 - van SCHELVEN ET AL.
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7 | CONCLUSION

We presented an efficient and wideband power combiner
based on a PPW structure. The proposed design is meant to
combine signals from multiple PAs operating in the 28 GHz
band for increased output power. The PPW is excited at
several locations periodically spaced in the transverse dimen-
sion. The active impedances of the ports were shown to be
very similar between the different ports and constant with
frequency, allowing for wideband operation. A Doherty
combiner scheme was also implemented in the PPW combiner,
so that two sets of feeding points, representing main and
peaking sources, can support a higher operating efficiency of
the PAs over a range of output power. Based on the required
power, the number of inputs connected in parallel can be easily
changed. A 6‐to‐1 combiner was fabricated in standard PCB
technology and measurement results were presented, showing
good agreements with simulated results. The efficiency of the
structure, accounting for both operating efficiency of the PAs
and the impedance mismatch of the combiner, was found to
be around 60% over a large bandwidth, from 24 to 32 GHz
that includes several relevant 5G bands for mm‐wave
communication.

A design of the 6‐to‐1 Doherty combiner integrated with
an antenna was also presented. The measured S‐parameters of
the total structure show a good agreement with the simula-
tions. Also, the radiation characteristics of the antenna
compare well with the expected values from simulations. The
waveguide folds over itself to reduce the size of the an-
tenna + combiner to fit within 0.5λ � 0.5λ, making it suitable
for possible array implementations.
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APPENDIX

Model of power amplifiers as sources
It is convenient to represent the PA, schematically shown in
Figure A1a, as a Norton equivalent source. The resulting circuit
is depicted in Figure A1b, where the PA is represented as a
voltage controlled current source. The control voltage signal vin

determines the value of the current and generator impedance.
The PAs under consideration consist of multiple sub‐PAs which
are connected in parallel, that can be either on or off, according
to the simplified circuit representation shown in Figure A1c.
The signal vin controls the number of sub‐PAs that are switched
on (Non). Each active sub‐PA can also be represented as a
Norton equivalent source with current generator Isub and in-
ternal resistance Rsub, assumed to be 2kΩ. On the contrary, the
inactive sub‐PAs are ideally open circuits. We assume that the PA
is designed such that the parasitics can be represented as a single
resistor, Rpar = 480 Ω, thus capacitive and inductive effects are
neglected.

Therefore, the current IPA(vin) can be expressed as
IPA=Isub Non, while the impedance ZPA (vin) = Rpar||(Rsub/
Non). The control voltage vin is assumed to be linearly pro-
portional to Non and normalised so that vin = 0 corresponds to
all sub‐PAs switched off and vin = 1 refers to all sub‐PAs being

on. The resulting current and impedance of the Norton
generator are shown in Figure A2.

If we assume PAs operating as class B, the total power
supplied to the PA is given by [22]:

Psupply ¼ VDD
2
π
jIoutj ðA1Þ

where VDD is the drain voltage of the transistor (Figure A1c)
and Iout is the output voltage of the PA. The output power is

F I GURE A 1 (a) Circuit representation of a power amplifier (PA)
consisting of multiple sub‐PAs. (b) Norton‐equivalent circuit of the PA.
(c) Schematic drawing of a PA consisting of multiple sub‐PAs.

F I GURE A 2 (a) Normalised current and (b) internal impedance of
the Norton generator, as a function of vin.
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Pout ¼
1
2
jVoutj

2Re
�

1
Zout

�

ðA2Þ

whereVout is the output voltage of the PA and Zout =Vout/Iout.
The efficiency of a class B PA can be found as the ratio between
Pout and Psupply that, for real output impedance, gives

η¼
π
4
jVoutj

VDD
ðA3Þ

Since |Vout| cannot exceed VDD, the maximum efficiency
of a class B PA is η max = π/4 ≈ 79% and is reached when
|Vout| = VDD. If a certain frequency range is considered, since

the output voltages of the PAs cannot exceed the supply
voltage, the condition

jVoutj ≤ VDD ðA4Þ

can be imposed for every frequency and for the full range of
output current. In practice, this can be realised by tuning the
maximum value for control signal vin at different frequencies.
This results in a changing number of sub‐PAs being switched
on for different frequencies, and therefore in a frequency
dependent port impedance ZPA.
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