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I-to-N Ring Power Combiners
With Common Delta Ports

Kyle D. Holzer™, Student Member, IEEE, and Jeffrey S. Walling

Abstract—1In this paper, we present a new 1-to-N way ring
combiner that is an adaptation of the ring-hybrid (rat-race) struc-
ture. We present the general design guidelines for N-way planar
ring combiners based on theoretical analysis of the structures.
The proposed 1-to-N way ring structure offers a compact, planar
layout that includes a single common delta port. This is beneficial
to applications where power monitoring, calibration, or energy
recycling can be leveraged. It offers similar loss to other N-way
structures. To demonstrate the combiners operation, we present
completely passive structures and structures with embedded
power amplifiers for 4- and 6-way variants. The designs are
optimized for operation in the 5-6 GHz unlicensed bands. The
passive 4- and 6-way combiners achieve IL of 1.3 and 1 dB,
respectively, with associated port isolations of <—30 dB. The
combiners with embedded amplifiers show similar performance
and are validated using modulated signals and demonstrate good
measured linearity when combining up to 6 amplifiers for output
powers >1 W.

Index Terms—Power combiner, power divider, high power
amplifier, rat-race combiner, ring-hybrid combiner.

I. INTRODUCTION

OMBINING and dividing circuits are a widespread prac-
tice in RF and microwave circuits at both the printed
circuit board (PCB) and monolithic microwave IC (MMIC)
level. Combiners are especially useful in power amplifier (PA)
designs where several lower power PAs can be combined to
yield a higher output power, at the expense of extra area
and reduction in efficiency due to insertion loss (IL) in the
combiner. Hence combiners must operate with low insertion
loss to maximize efficiency and should offer high port-to-port
isolation and minimal mismatch loss to maximize linearity.
Power combiners are used to combine several power ampli-
fiers [1]-[4], signals from an antenna array [5], or modulating
signals in an outphasing amplifier [6]-[8]. Particularly, multi-
way combiners are of recent interest, owing to their potential to
boost output power and efficiency [9]-[11]. Combiner designs
have relied heavily on the both transmission line (TL) and
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lumped element implementations of the original Wilkinson
divider/combiner (WDC) [12]-[14]. This owes to the WDC'’s
relatively low insertion loss (IL), good port matching and high
port-to-port isolation. Additionally, Lange couplers have been
used in travelling wave configurations [15] and branchline cou-
pler topologies [16] are popular because they offer increased
port isolation when compared to WDC based approaches.
However, this comes at the expense of reduced bandwidth,
an increase in layout area and/or IL. Lange couplers also
require an additional connection between coupled lines via
wirebonding or airbridges.

WDC, Lange and branchline couplers require ladder
structures, radial structures [17] or other cumbersome lay-
outs [12] to realize more than 2-way power combining.
In RFICs/MMICs, lumped element transformers are possible,
but require use of lossy spirals [18]. In ladder form, each
step of the ladder requires a separate isolation resistor to
realize port-to-port isolation. An alternative to these combiner
approaches are ring combiners (e.g., rat-race [19], multi-port
ring [20], [21]), where all inputs/outputs to the combiner
branch off of a TL ring. An advantage to ring-based geometries
is that they can offer a single point for connection of the
isolation resistor. Additionally, combination of more than two
amplifiers can be accommodated by expanding the circumfer-
ence of the ring to add more input/output ports. Ring based
combiners can offer comparable layout area, IL, port-matching
and port-isolation when compared to the branch and coupled
line structures. However, they do operate with narrower band-
widths, and require added complexity in the feeding networks
for the ports if used in standalone operation (e.g., with a single,
common input). However, in MMICs or other highly integrated
applications, the complexity of the feeding networks can be
reduced by using signal processing to properly condition the
phases of the input signals.

The common-delta port offers distinct advantages in multi-
phase applications (e.g., outphasing, [11]), where the energy
from deconstructive addition of input vectors is dumped into
a load termination. The common-delta port can enable energy
harvesting of this delta energy for efficiency enhancement at
output power backoff (e.g., LINC [22]). Additionally, it allows
for port monitoring for phase alignment calibrations [23],
a common port for remote isolation resistors in MMIC appli-
cations [24], and switching operations for enhanced signal
routing [25], [26].

In this paper, we present a new class of N-way ring
combiners, as shown in Fig. 1, as well as operation theory and
design guidelines that enable the reader to synthesize N-way
ring combiners. It is noted that combiners and dividers are
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Fig. 1. Proposed N-way ring combiner.

typically reciprocal; hence, in this paper, we focus on the
power combining aspects of our proposed 1-to-N way ring
combiner, but reciprocal operation as a divider is possible. The
ring combiner is based on the ring hybrid combiner; however,
it requires two distinct phase groups for proper operation. This
paper is organized as follows. First, in section II design rules
of the presented multi-port rings are provided for operation as
combiners/dividers. Next, in section III, port placement and
impedance rules are presented. In section IV, individual design
examples are presented, followed by measurement results in
section V. Finally, conclusions are presented in section VI.

II. N-WAY RING COMBINER DESIGN RULES

In the proposed 1-to-N way ring combiner there are two sets
of input groups. One input group shares a common relative
phase length from input to either output (e.g., X or A).
The other input group has a 180° relative phase difference
from input to either output port. With these port designations
constructive summation is achieved at the desired output port
(e.g., X) and de-constructively cancels at the other output port
(e.g., A). We also note that in our derivations it is assumed
that each amplifier group will contain the same number of
amplifiers, to enforce symmetry between amplifier groups.

Though the structure works well as a power divider in
reciprocal operation, we will focus our discussion and analysis
on operation as a power combiner. In the following discussion,
we develop a set of sizing rules for a 1-to-N way ring for
combining N individual power amplifiers in two different
input groups.

A. Scalable 1-to-N Way Ring Combiner Rules

A set of sizing rules for the proposed 1-to-N way ring
combiners is now developed, noting that the rules derived are a
superset of prior demonstrated ring combiners [20], [21]. The
1-to-N way ring combiner consists of amplifiers in two differ-
ent phase groups. Relative signal phase at each input is set to
either 0° or 180°, depending on the desired output port assign-
ment. The proper input phase of each group can be created
using either lumped elements (e.g., polyphase circuits), distrib-
uted elements (e.g., delay lines) or using signal processing. A
generic 10-port ring is shown in Fig. 2. The circumference
of the ring is given by C, while the input port to output port
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Fig. 2. Example 10-port ring combiner annotated with parameterized
dimensions.

spacing is given by A. The spacing between two amplifiers in
one group is given by §. It is noted that signals can propagate
around the ring in a clockwise or counterclockwise direction;
either path should have the same relative phase delay.

B. Input-to-Input and Output-to-Output Spacing Rules

Rules for input-to-input spacing in an N-way ring combiner
can be derived as follows. First, the spacing can be derived as
a function of a counter-clockwise or clockwise trip around the
ring from one input to another input (e.g. port 3 to port 5),
as shown by S in Fig. 2. The figure shows counter-clockwise
and clockwise propogation from the input port to the antenna
port for amplifiers in group 1 and 2. For instance, Ry (R2)
represents a counter-clockwise trip from port 5 (port 7) to the
output port, port 2. L (L2) shows a clockwise trip from port 5
(port 7) to the output port, port 2. The total circumference (C)
for the combination of paths for each input port to the output
port is equal and shown to be the sum of the counter-clockwise
and clockwise trips:

C=Ri+Li=R+1L, (€))

In-phase signal combination occurs at the output port on the
first pass around the ring when the following is true:

Ry = Li +n2, )

Ry = Ly +mi, 3)

where n and m are integers representing the number of sections
in the path from an individual input to the output for the
clockwise and counter-clockwise directions, respectively.
Solving for the input-to-input spacing (S, Fig. 2) for any
combination of L and L, is performed as follows:

S=1L,— Ly, “)
Substituting (2) and (3) into (1) yields:
(n —m)A
Ly—L= - — Q)

Here, we substitute x for n-m. x is an integer representing the
difference in the number of sections in between the counter-
clockwise and clockwise paths. Hence the spacing is defined
geometrically by the following:

S = > (6)
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Where x is any non-zero positive/negative integer. A neg-
ative integer means a counter-clockwise propagating signal,
while a positive integer means a clockwise propagating signal.
Hence the spacing between ports must be an integer multiple
of a half wavelength. This port spacing achieves isolation
between input port pairs by creating an out-of-phase null from
one port to another.

A similar requirement satisfies the spacing between the
two output ports, ¥ and A (e.g., Fig. 2, ports 2 and 6,
respectively). Because of the out-of-phase null created by this
half-wavelength spacing, undesirable loading on the ring that
can be created by variations of the parasitic loading at each
port due to process, voltage and temperature (PVT) variations
is minimized.

C. Input-to-Output Spacing Rules

Nulls are established to occur with half-wavelength period-
icity around the ring, maxima occur halfway between nulls.
To achieve maximum power combination output ports should
be located at these maxima, relative to the input port; hence
the spacing A, from input-to-output is given by the following:

A=1/4+y2)2. )

The variable y is any positive/negative integer or zero. Neg-
ative integers represent propagation in the counter-clockwise
direction and positive integers represent propagation in the
clockwise direction.

Minimum spacing between any port is now established to
be a quarter wavelength. The number and location of the
inputs and outputs for operation is set by application specific
requirements.

D. Number of Ports Required for 1-to-N Way Combining

The proposed ring combiners offer a key feature in that
they have a single summation port and a single delta port.
Hence any ring combiner requires a minimum of 2 ports
for outputs. Using the spacing rules derived for input-to-
input/output-to-output (e.g., ) and the input-to-output spacing
rules (e.g., A) dictates that each amplifier placed at an input
requires a minimum equivalent spacing 2A. It can be shown
that the minimum number of ports, P, required to combine
N amplifiers in the proposed ring combiner is given by the
following:

P=2-N+2. (8)

The addend of 2 is due to the required output ports. It should
be noted that not all ports are populated in a 1-to-N way
ring combiner, and those that are not populated are left open
to reduce the loading on the ring. It should also be noted
that equation (8) simply sets a lower bound for the number
of ports that are required; more ports can be added to the
ring if desired. Cases where this may be desirable are to
allow on-the-fly replacement of amplifier components that fail,
increasing mean-time-to-failure at the expense of a large ring
size and increase in insertion loss. Additionally, extra ports
can be added if discrete power control is required. In such
a scheme, amplifiers could be enabled/disabled as the output
power requirements change.

E. Ring Circumference

The ring circumference can be determined by the total
number of ports that are required for a 1-to-N way combiner,
noting that all ports must be separated by a spacing of A/4.
The ring circumference is then given by the following:

A
C:P.Z. )

Substituting (8) into (9) yields the amplifier circumference for
1-to-N way combining to be given in terms of the number of
combined inputs by:

c=+n- (10)

As was previously noted, an even number of amplifiers is
preferred, but N is not expressly limited to be even. It is noted
that the traditional Rat-Race coupler [19], or ring hybrid is a
special case of this 1-to-N way ring hybrid, where N = 2. The
Rat-Race coupler utilizes only four of the possible six ports
based on quarter-wavelength spacing around its circumference.

III. GENERAL N-WAY RING COMBINER
DESIGN PROCEDURE

A. Select Ring Circumference

The ring circumference is now defined based on the number
of amplifiers to be combined. Assigning the first input port
as port 1, the above equations are only satisfied for inputs
into odd-numbered ports. Likewise, outputs will only occur
at even numbered ports. Any unused ports are typically left
unterminated to reduce parasitic loading effects on the ring.
However, the unused ports can be used if reconfigurability is
desired.

Ring circumference is dictated by the total number of
amplifiers to be combined and the operation frequency, fp.
The circumference of the N-way combiner is thus given by
the following:

C=(N+1)- (11)

c
2f 0 \/E r ,
where ¢ is the speed of light in a vacuum and &; is the
relative permittivity of the propagation medium (e.g., dielectric
constant of the PCB or substrate).

B. Select Input and Output Ports

Considering the input port spacing (S) and input-to-output
port spacing (A), the available input and output ports are
alternated around the ring, with a separation of A/4 between
potential inputs and potential outputs. Typically, the ¥ and A
output ports are chosen to be nearly opposite from one another
across the ring, as it is easier to provide symmetry with
such a configuration, though this is not a necessary condition
for operation. Symmetry allows for more straight forward
even/odd mode analysis to determine S-parameters easier to
perform, as it enables easier reduction of the even-/ odd-mode
circuits.

Due to the number of ports, many valid designs are pos-
sible for an N-way combiner. We attempt to provide one
such design guideline that provides symmetry between inputs
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Fig. 3. 10-port ring combiner schematic.

TABLE I
10-PORT RELATIVE PORT PHASES

Ring Outputs
Port2 | Port4 | Port6 | Port8 | Port 10
Port 1 90° 270° 90° 270° 90°
‘% Port 3 90° 90° 270° 90° 270°
?:n Port 5 270° 90° 90° 270° 90°
£ [Port7] 900 | 2700 | o0° 90° | 270°
Port 9 270° 90° ‘ 270° 90° 90°

and outputs. An example 10-port combiner that can be used as
a 4-way combiner is shown in Fig. 3, with all possible inputs
and outputs designated.

In combining, potential inputs (shown as amplifiers) are
placed at odd numbered ports and potential outputs (shown as
load resistors) are placed at even numbered ports. A relative
phase table is composed that describes the relative phase
difference from each odd-port (e.g., input) to each even port
(e.g., output), as shown in Table I. We now discuss choosing
ports for a 10-port ring that can accommodate a combination
of 4 amplifiers in two input groups. Ports 2 and 6 of Fig. 3 are
chosen as the two outputs (X and A, respectively), which is a
choice that will enable symmetry in later analysis. These two
columns are shaded in the table. As noted, inputs will only
be placed at the odd numbered ports, meaning that there are
five potential ports to choose for input; with symmetry being
preferred, only four of the ports will be chosen.

We now present one option for port placements that is
generalizable to a P-port design, though we note that there are
many other designs/port location choices that would realize
an N-way combiner. The choices that we propose lead to a
symmetric design. In any N-way ring combiner design with an
even number of ports there will always be a line of symmetry
that can be drawn between ports P — 1 and P/2 — 1. After
the line of symmetry is found, the output ports are selected.
The X port is placed at port P/2 — 3, while the A port is
place at port P — 4. Finally, the input ports are divided into
groups A and B. Working above the line of symmetry, input
group A will be placed at positions 1 to P/2 — 4 in even
increments. Inputs in group B will always be placed at port
P/2—2. In this way, there are always N/2—1 inputs in group
A above the line of symmetry and one input in group B above

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS-I: REGULAR PAPERS

Fig. 4. 10-port ring combiner schematic after port selection.

the line of symmetry. Working below the line of symmetry,
there will always be one amplifier in group A placed at port
P — 3. Amplifiers in group B will be placed at positions P /2
to P — 5 in increments of 2. Note that all ports that are not
assigned an input or output are left unterminated to minimize
loading of the ring.

The designer should note that inputs in some groups may
require a phase inversion, typically via a A/2 length trans-
mission line. For instance, in the example above, note that
ports 3 and 5 are shifted by 180°. This requires that port
3 has an additional A/2 phase length in its path. Such lines
add size to the design, but using trombone structures, the size
impact can be minimized. Addition of these extra TL segments
and the size impact can be seen later in Fig. 15, Fig. 17,
Fig. 20, and Fig. 22. It should also be noted that in applications
where DSP is available to invert the inputs, there is no
impact on the size of the ring to achieve proper input signal
phasing.

C. Select Ring Transmission Line Impedance

The even and odd mode analysis for an N-way ring com-
biner begins by breaking the ring on a line of symmetry that
includes two open ports. This is possible for all even N-way
ring combiners with greater than 2 inputs. For instance, for the
4-way combiner (P=10) shown in Fig. 4, the combiner is bro-
ken between ports 4 and 9. Using the placement rules defined
above, the X port is placed at port 2 and the A port is placed
at port 6. Inputs in group A are assigned to ports 1 and 7,
and inputs in group B are assigned to ports 3 and 5. The
balance of the ports (e.g., 4, 8-10) are left open. Note that
the Table I shows that port 5 has an extra 180° phase shift in
its path to port 2 and hence it is inverted. Note also that the
> and A ports can be exchanged if instead port 3 is inverted
and port 5 is left non-inverted. This is an extension application
of ring combiners.

An N-way even-mode half-circuit can be constructed, as
shown in Fig. 5(top). The schematic can be simplified, noting
that the open-circuit (O.C.) termination at the left side is
transformed by a half-wavelength to an open circuit at the
left-most input port. There must always be an even number
of quarter-wave segments between input ports to satisfy the
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Fig. 5. (Top) even-mode analysis schematic for a 10-way ring combiner.
(Bottom) even-mode analysis schematic, with component reduction account-
ing for A/4 rotations of the open-circuit terminations.

ZP,o

Fig. 6. (Top) odd-mode analysis schematic for a 10-way ring combiner.
(Bottom) odd-mode analysis schematic, with component reduction accounting
for A/4 rotations of the short-circuit terminations.

spacing requirement, S. The open-circuit on the right side is
transformed to a short circuit at the right-most input port and
again becomes a short at the input closest to the X port. One
final quarter-wave transform yields an open at the X port.
It is noted that any number of ports can be added to the
left or right side, if they are always separated by an even
multiple of quarter-wave TL segments. The simplified even-
mode circuit schematic is shown in Fig. 5(bottom).

In a similar fashion, the odd-mode circuit is constructed and
shown in Fig. 6(top). The schematic can be simplified, noting
that the short-circuit termination on the left side is transformed
by an odd number of quarter-wave transmission lines to the
port, resulting in an open-circuit at the sum port (e.g., no load
on the X port). The short-circuit termination on the right side
is transformed by one quarter-wave TL, becoming an O.C.
before it is transformed by an even-number of quarter-wave
TLs to the input port closest to the sum port on the right
side. This means that it does not load the input port. Again,
it is noted that any number of ports can be added to the
left or right side, if they are always separated by an even
number of quarter-wave TLs. The simplified odd-mode circuit
schematic is shown in Fig. 6(bottom).

With the simplified even- and odd-mode schematics derived
for the N-way combiners, analysis of the impedances on
the ring is straightforward. The even-mode input impedance
Z; (Fig. 5, bottom) of the left most input port rotates is
transformed by a half-wavelength TL from the left-most port
to equal the same impedance at Z5 (e.g., the next left-most
port). This transformed impedance is combined in parallel with
the impedance at the next left-most input port. The combined
impedance then undergoes the same transformation X times,
where X is the number of ports to the left of the output in the

equivalent circuit. For an N-way combiner, where N is even
and N > 2, X is given by:
N
X=—-1
2
The impedance looking into the input port adjacent to the
output port, Zp ¢ is then given by the following:

1

s 1
ngl Zin

12)

Zpe = ; 13)

where Z;, is the driving impedance of the port. It should
be noted that the case of N=2 is a special case that is well
analyzed [27]. The even-mode line impedance, Z.yen, is found
by applying a quarter-wave TL impedance transformation
between Zp, and Zy. It is given by the geometric mean
between the output port impedance, Zy, and Zp ,:

Zeven = ZP,eZE«

Derivation of the odd-mode characteristic impedance begins
with analysis of Fig. 6(bottom). The short-circuit on the
left-had side of the figure is transformed through X half-
wavelength TLs before undergoing a single quarter-wave trans-
form to an open-circuit at the ¥ port. Hence, the left side of
the circuit does not load the X port.

If the aforementioned port-placement rules are followed,
there will always only be one input to the right side of the
port. The short-circuit undergoes one quarter-wave transform
and hence does not load the input port to the right of the X
port. Hence, the impedance Zp, is equal to the port input
impedance, Z;,. Similar to the even-mode case, the odd-
mode line impedance is found by applying quarter-wave TL
impedance transformation between Zp, and Zy. The odd-
mode line impedance, Z,44, iS given by the geometric mean
between the output port impedance, Zs and Zp ,:

Zodd = vV ZP,OZZ-

The /4 TL segments (Z; to Zn) are designed to have
a common impedance, Z,;,g, selected to have an average
impedance of Z.,e, and Z,qq to minimize impedance dis-
continuities around the ring:

(14)

5)

ZevenZodd

Zring = D) (16)

Shown in Fig. 7 is the designed characteristic impedance,
Zring, of the ring as a function of the number of amplifiers
that are combined (e.g., N), for the case where the input
impedance matches the output impedance at 50 Q (e.g., Z;, =
Zour = 50 Q). The derivation matches ADS simulation results
closely.

D. I-to-N Ring Combiner Bandwidth

It is noted that there are no closed-form expressions for
the bandwidths of ring-combiners, including the original rat-
race (ring hybrid) combiner [19]. The frequency dependence
of the ring combiner is based upon the frequency dependence
of the transmission line lengths of which the ring is comprised.
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Fig. 8. 1-dB IL fractional bandwidth vs. number of input ports for 1-to-N

way ring combiners.

As the number of ring sections are increased to yield higher
combining ratios, N, the bandwidth of the ring is reduced.

In general, the bandwidth can be specified in terms of
inserion loss (IL), reflection (I') or isolation. For the purposes
of the proposed work, the bandwidth is specified as the 1-dB
IL bandwidth of the combiner, as gain flatness is a desirable
quality for most RF and microwave systems.

To quantify the effects of increasing the number of ampli-
fiers, N, to be combined in 1-to-N way ring combiners, we
simulate several ideal ring combiners in ADS. The 1-dB IL
fractional bandwidth, ABW, is plotted as a function of N in
Fig. 8. Though an exact expression cannot be derived for the
1-dB IL A BW, an estimate is given as follows:

Aigp = 110/N. (17)

This estimate is also plotted in Fig. 8, and compares well with
the ADS simulation results.

IV. DESIGN EXAMPLES
A. 4-Way Ring Combiner Analysis

Fig. 9 shows a 4-way combiner implementation that allows
for port switching. The splitters are used to allow for a single
input for ease of measurement but are not expressly necessary
in applications where signal processing can be used to create
6 individual inputs with the correct phase relationships. Note
also that the extra circuitry comprised of the switch and 180°
segments are not necessary; they are used to enable port
switching of the £ and A ports [20].

The port placement rules are given in Section III. Inputs
in group A are labeled 1 and 6 and are connected to ports
1 and 7 of the 10-port combiner (Fig. 4). Inputs in group B
are labeled 3 and 4 and are connected to ports 3 and 5 of
the 10-port combiner. The outputs are labeled 2 and 5 and
are connected to ports 2 and 6 of the 10-port combiner. The
TL segments are designed to be a quarter-wavelength at the
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Fig. 9. Example 4-way ring combiner schematic.

(a)

(b)

Fig. 10. (a) Even- and (b) odd-mode analysis schematics.
center frequency and the characteristic impedances are chosen
according to (16) to be 50 Q.

The 10-port combiner combines 4 amplifiers using only
6 of the available ports. The S-parameters of the ring com-
biner can be obtained by even- and odd-mode analysis of
the half-circuits shown in Fig. 10, noting that the line of
symmetry that exists through the center of the combiner
allows ease of calculation due to symmetry. The example
in Fig. 10 must be repeated at each of the symmetric ports
in the combiner to obtain the full 6x6 S-parameter matrix.
Derivations are omitted due to space constraints, but follow a
similar method for the rat-race combiner [27]. The S-parameter
matrix for the effective 6-port 4-way ring combiner is given as
follows:

-1 —j 0 0 —j 1
- 0 =i
1o —j -1 -1 j 0 a8)
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Note that the S-parameters show non-zero reflection at ports
1,3, 4 and 6 (e.g., the input ports). Mismatch only occurs if the
signals of a common input group are not matched (e.g., have
different impedances). If all ports are well matched, there is
no port reflection. This is later validated with measurement
results. Phase shifts result from the phasing relationships
between ports found in Table L.

As is shown in Fig. 9, the 4-way ring combiner is driven
by a single input, TXj,. The input is split using a 2-way
splitter that uses a conventional Wilkinson divider. Each output
of the Wilkinson splitter is followed by a modified 3-way
T-junction divider that allows for port switching between
the £ and A port using single-pole, double-throw (SPDT)
switch. The 84 phase length is a multiple of a half-wavelength
such that the path not selected by the SPDT switch is left
open circuit and appears as an open circuit at the 3-way
splitter (e.g., it does not load the splitter). Ports 5 and 7
have opposite output port phase shifts enabling signals to
additively combine at the designated ring output port (e.g.,
either ¥ or A). In operation, the switches in this circuit
implementation always select opposite polarity paths. When
the switches are configured as shown, output 2 is selected
as X and output 5 is A. By inverting both switches the
output port functions are swapped. The input/output port
reflection validates the calculated S-parameters of the system
level design, as shown in Fig. 11.

B. 6-Way Ring Combiner Analysis

The 6-way ring combiner presented in [25] is a 14 port
combiner, featuring 6 input ports in two groups (e.g., group A:
1,3, 11; group B: 5, 7, 9) driving two output ports (e.g., T =4
and A = 10) as shown in Fig. 12. Ports 2, 6, 8, 12-14 are
left unterminated. The TL sections that define the ring are
designed to be a quarter-wavelength at the desired frequency
and the characteristic impedances is chosen according to (16)
to be 41 Q.

The designed 6-way combiner (Fig. 13) was not designed
for the same port swapping as the 4-way combiner; hence the
additional circuitry is omitted from the design. No convenient
line of symmetry exists for a simplified half circuit analysis;
The S-parameters are derived port-by-port. The analysis yields
the following S-parameter matrix: (19), as shown at the bottom

0
— -10
)
z
1]
1%
S 20
c
5
&
-30 y |
Sinm 522 ................ SAA
-40 . ! :
45 5 5.5 6 o5
Frequency (GHz)
Fig. 11. Reflection coefficients at the input and output ports of the 4-way

ring combiner.

3

Ra

Fig. 12. 6-way ring combiner/divider.

of this page, where the scaling factor A = 1/4/6. Again, note
that the S-parameters show non-zero reflection at ports 1, 2, 4,
5, 6 and 8. Mismatch only occurs if the signals of a common
input group have different impedances. The input/output port
reflection is plotted in Fig. 14 for the combiner of Fig. 13.
Note that even though internal ports are not well matched, if
properly terminated and driven, the return loss at the design
frequency can be <—10 dB.

V. MEASUREMENT RESULTS

To validate the performance of the ring combiners 4-way
and 6-way passive combiners are fabricated, both with and
without amplifiers. All combiner designs are made on PCBs

2 Lo
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Fig. 14. Reflection coefficients at the input and output ports of the
6-way ring.
Fig. 15. 4-way passive ring combiner/divider PCB.

using Rogers RO4350 as the substrate. The measurement
details for each of the combiners are now presented.

A. 4-Way Ring Combiner

A passive layout of the 4-way ring combiner designed for
5.7GHz center frequency is shown in Fig. 15. The absence
in performance variation of active components enables clear
comparison of simulated and measured ring combiner per-
formance. There is close correlation between simulation and
measured results shown in Fig. 16. The insertion loss (IL)
from the common input to the X port is measured at —1.2 dB
at the center of the band (5.7 GHz) and compares well
with the ideal simulated response, shown in Fig. 16(a). Ring
combiners have narrower bandwidths than other combiners,
owing to multiple cascaded quarter-wave transmission line
segments; The bandwidth narrows as the number of amplifiers
to be combined is increased. In our design, the insertion
loss bandwidth is ~33%, while the isolation bandwidth (e.g.
common input to A port) is >10.5% for isolation >30 dB. The
simulated isolation matches well with the measured isolation,
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Fig. 16. 4-way passive ring combiner simulated vs. measured (a) small-signal
IL at the X port and (b) isolation at the A port.

Fig. 17. 4-way active ring combiner PCB.
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Fig. 18. Measured (a) output power at the X port and (b) isolation at the A
port for the 4-way active ring combiner.

as shown in Fig. 16(b). Note that in this design, the inputs
to the ring are derived from a single input port; if we were
to drive the two input groups separately, the isolation could
be tuned by adjusting the relative phase difference between
input groups, as is later demonstrated with the 6-way combiner
measurement results.

The 4-way ring combiner is also fabricated with embedded
amplifiers as shown in Fig. 17. Four HMC406MS8G devices
are combined to produce a net peak of 31.4 dBm output
power (Poy), which includes all loss from the combiner
and mismatch effects due to amplifier process, voltage and
temperature (PVT) variations. This is ~1.6 dB lower than
the ideal result, as the HMC406MS8G can output 27 dBm
saturated Py, and an ideal 4-way combiner would provide
6 dB increase in output power for an ideal net of 33 dBm. The
output power and isolation of the 4-way combiner are plotted
in Fig. 18(a) and (b), respectively. The isolation (A port) peaks
at 5.5 GHz, while the Py, (¥ port) ranges from 31.4 dBm at
the 5.4 GHz to 28.5 dBm at the 5.8 GHz. The roll-off in P,,; is
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Fig. 21. Measured IL and isolation for the 6-way passive ring combiner.
due to the combiner non-optimally loading the amplifier away
from the center frequency. Shown in Fig. 19 is the output
of the ring combiner for a 10MHz LTE waveform, with an
RF carrier frequency of 5.4 GHz. The measured output power
at the ¥ port for the LTE signal is 25.5 dBm. The isolation
measured at the A port is >35 dB. Owing to the switches
described in section IV, the signal can be routed to either the
Y or A port with similar performance.

B. 6-Way Ring Combiner

To validate the performance of the 6-way ring combiner,
a passive only prototype version of the combiner was fabri-
cated on a Rogers RO4350 substrate, as shown in Fig. 20.
The insertion loss (X) and isolation (A) are measured vs.
frequency in Fig. 21(a) and (b), respectively. It is noted that
though the 6-way combiner has a narrower bandwidth than
other combiners, its output center frequency can be adjusted
by controlling the relative phase between the group 1 and
group 2 inputs, allowing for reconfigurability. The relative
phase shift between the input ports (e.g., INs and INp, Fig. 13)
is adjusted by the signal generator input feeding these ports.
The IL through the passive combiner is <1 dB when the
combiner is tuned to operate at a center frequency of 5.5,

9
Fig. 22. 6-way active ring combiner/divider PCB.
32 0
31 -10
£ 3 g -20
m c
T 29 S -30
3 K]
o 28 8 -40
2 20 J\/\/\/
26 -60
5 52 54 5.6 5.8 6 5 52 54 5.6 5.8 6
Frequency (GHz) Frequency (GHz)
(a) (b)
Fig. 23.  Measured (a) output power and (b) isolation for the 6-way active

ring combiner.
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Fig. 24.  Measured PSD for a SMHz, 64 QAM LTE uplink signal at the X
port (Poyt) and the A port (Isolation).

5.65 and 5.8 GHz. This is obtained by adjusting the phase
offset between IN and INp to 0°, 5° and 20°, respectively. It
is noted that this is less than the loss of the previously reported
4-way combiner; this is for two reasons. First, the 4-way
combiner included extra circuitry to enable port-switching that
is not necessary when only using as a combiner. Second, the
phase tuning mechanism used on the 6-way combiner was
not available on the 4-way combiner because in the 4-way
combiner, all ports were driven with the same source.

Similarly, the isolation at these center frequencies
is >25 dB. When tuned to the designed optimal frequency
of 5.5 GHz, the measured isolation is >44 dB. This frequency
is where the quarter-wave TL segments are centered. Fine
phase adjustments can allow for the isolation to be tuned to
any frequency in the bandwidth of the ring.

The 6-way active ring combiner is also fabricated with
embedded amplifiers as shown in Fig. 22. Six HMC406MS8G
devices are combined. The output power and isolation are
measured versus frequency in Fig. 23(a) and (b), respec-
tively. A measured peak output power of 31 dBm is pro-
duced at 5.5 GHz. The combiner ideally provides a gain
of 10logl0(6)~7.8 dB. Accounting for IL, the gain of the
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TABLE 11
COMPARISON TO PRIOR ART FOR RECENT FOUR- AND S1X-WAY COMBINERS

Specification [2] [10] [28] [29] [30] [31] This work This work
# Combined Ports 4 4 6 4 6 6 4 6
Topology Coupled Line TI{ZSZZSH Bran;ilistfave- N/A N/A N/A Ring Ring
Size (@fo) 0.41x1.0A 0.81x0.8A N/A 0.3Ax0.3A 0.41%0.8A 1.4Xx1.0A 1.1Ax1.0A 0.9Ax2.3A
Freq. (GHz) 6.0 2.1 32 11.0 10.0 5.0 5.5 5.5
1dB IL BW % 108% N/A 18% 127% 160% 120% 33% 10%
IL (dB) 1.0 N/A 0.8 0.9 1.6 1.2 1.2 1.0
Output RL (dB) 15.0 N/A 14.0 12.5 11.8 12.7 9.3 14.0
Planar No No No No No No Yes Yes
Delta Port No No No No No No Yes Yes
Delta Isolation (dB) N/A N/A N/A N/A N/A N/A <-30 <25

combiner is ~6.8 dB. This should yield an output power
of 33.8 dBm with the chosen power amplifiers. The additional
loss is due to PVT variations due to the assembly and
in the output impedance of the amplifiers. The PCB was
assembled manually, resulting in inconsistent solder contacts.
The PVT variations cause phase mismatch at the amplifier
input ports, reducing the peak output power due to out-of-
phase summation. This is the prime challenge when attempting
to combine many amplifiers, with a single combiner. It is noted
that matched amplifiers, phase compensating pre-distortion,
integration at mm-wave frequencies on a MMIC, or machine-
based assembly would improve the losses due to mismatches
in loading, owing to better control of PVT variations.

The isolation can be optimized across frequency by adjust-
ing the static phase difference between the input groups. The
measured isolation across the band (Fig. 23(b)) from 5-6 GHz
is better than 44 dBc.

To validate the performance with a modulated signal,
a 24.1 dBm 5 MHz LTE waveform is measured at 5.5 GHz
with >35 dBc ACLR for E-UTRA, as shown in Fig. 24. Note,
this is not a single-carrier OFDM signal, hence the peak-to-
average power ratio (PAPR) is ~6.5 dB. The measured isola-
tion to the delta port of the modulated signal is >35 dBc. Note
that no digital pre-distortion or other linearization techniques
were used in this measurement.

VI. CONCLUSION

A new generalized N-way ring power combiner is presented
in this paper, along with a generalized design methodology.
The combiner, though narrower band than WDC based com-
biners, offers a compact, planar layout and offers a single
common delta-port that has applications for energy recovery,
port monitoring and calibration. It is noted that due to the
cascading A/4 TL sections, the ring combiner family generally
offers lower bandwidth than other combiners and if exter-
nal circuitry is included is comparable in size. For heavily
embedded/integrated applications where DSP can be used to
create phase shifts, the ring can be smaller than the other
combiners. Finally, two example designs are presented for both

a 4-way and a 6-way ring combiner. Each example design uses
conventional splitters to enable use of a single input port, but
it is noted that in highly integrated designs (e.g., MMICs and
RFICs), the splitting network is not necessary. Both designs
show measurement results for a passive case, and a case with
embedded amplifiers. Measurement results are shown with
good correlation to simulation data. Result summaries with
comparison to recent 4- and 6-way combiners in the literature
[2], [10], [28] and in production [30, p. 4], [31, p. 6], [31] are
shown in Table II.
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