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Abstract

Passive Radio Frequency Beamformer Using Transmission-Line Transformers And Tunable
Capacitors

by
Matthew Giorgis Anderson
Masters of Science, Plan II in Electrical Engineering and Computer Science
University of California, Berkeley

Professor Jan M. Rabaey, Chair

Traditional methods for RF beamforming require significant amounts of power, making them
difficult to deploy in some low-power applications. A simple, fully-passive, low-loss technique
for Radio Frequency (RF) beamforming is realized by serially combining the antennas in an
array using transmission-line transformers (without magnetic components) incorporated into
the feed line and a programmable admittance placed in shunt across each antenna’s feed
port. Utilizing the feed structure for signal combining eliminates the need for additional
RF combining structures. Further, taking advantage of the symmetry inherent in a phased
array, we propose a new method for passive phase shifting that only requires one tunable
element per antenna. The proposed fully-passive beamformer is demonstrated on an FR4
printed circuit board with a linear, two-element, array of half-wave dipoles at 2.05 GHz using
a digitally tunable capacitor as the programmable admittance. A loss in array gain of 1.07
dB is realized when compared to an identical array with ideal phase combining.
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Chapter 1

Introduction

1.1 Motivation

Phased arrays [1] have become increasingly important in recent years as wireless networks
utilize higher frequencies to alleviate over crowding and increase bandwidth. In this context,
phased arrays provide significant benefits by allowing the nodes within a wireless network
to quickly steer their beams to maximize signal strength and reduce overall interference.
Fig. 1.1 shows some current applications for phased arrays.

That said, there are pressing power challenges to implementing phase arrays in modern
wireless networks [2, 3, 4]. These systems require many antenna elements, each with their

On-The-Go Broadband Consumer Broadband

Radar 5G New Radio

Figure 1.1: Examples of applications using phased arrays.
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Figure 1.2: Illustration of phased array function and resulting large power consumption.
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Figure 1.3: Popular techniques for power combining and phase shifting in literature [5, 6].

own power-hungry radio frequency (RF) signal chains and signal processing. The result
being, a significant increase in RF power consumption for phased array beamforming systems
when compared to omni-directional wireless systems at lower frequencies. Even in modestly
sized arrays, this added power consumption can be problematic for both battery-life and
thermal management. Fig. 1.2 illustrates how phased arrays use constructive interference
between the signals from multiple antenna to steer a wireless beam and how the many chips
required to process these signals result in large power consumption. This operation of precise
phase shifting and summation to form the wireless beams is called beamforming. Existing
techniques for beamforming [5, 6] generally require significant power or are very lossy, see
examples in Fig. 1.3.
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Figure 1.4: Proposed two-element series connected array with low-loss passive beamformer.

To address this, a technique for performing radio frequency (RF) phase shifting and
summation with very low loss and zero active power consumption is presented here. To
our knowledge, this is the first demonstration of a phased array utilizing transmission-line
transformers (TLTs) [7] incorporated into the feed lines and balanced passive impedance
tuning to construct an RF beamforming phased array. Utilizing the feed structure for signal
combining eliminates the need for additional lossy RF combining structures and the use of
balanced passive impedance tuning reduces the complexity associated with phase shifting.
Altogether this allows for the realization of a simple, low power and low loss RF beamformer
at microwave frequencies. An example system is shown in Fig. 1.4 and is explained in more
detail in the following sections.

1.2 Thesis Organization

In Chapter 2, the theory and workings of the proposed low-loss passive beamformer are
described, including a description of power-combining using TLTs and the principle for
balanced impedance tuning. In Chapter 3, the prototype design is detailed. The realization of
the TLT, phase shifters and antenna elements is highlighted as well as the design of a reference
board for comparison. Chapter 4 reports the experimental setup, simulation environment,
and measurement results obtained using the prototype array. Chapter 5 concludes this work.



Chapter 2

Theory

There are two major components which enable this form of fully-passive RF beamforming.
The first is transmission-line transformers (TLTs) built into the RF feed lines, which serve
to condition the signals from each antenna element for simple low-loss series combining in
the RF-domain. The second is balanced impedance tuning of passives for phase shifting,
which utilize array symmetry to reduce component counts and realize a basic low-loss phase
shifter. Each of these are described briefly below. Note, the analysis that follows is for the
receive configuration but holds for transmit as well, since the structures are all passive and
reciprocal.

2.1 Power-Combining with Transmission-Line
Transformers (TLTs)

TLTs have been used for impedance transformation for many years [7, 8]. More recently,
series voltage combining using TLTs has been proposed in the design of high power out-
put RF power amplifiers [8]. However, in this work they serve to transform the effective
common-mode impedance of each antenna to a large magnitude value, enabling simple series
connections for power combining. To my knowledge, the use of a TLT to combine signals
from multiple antennas in a phased array has not been done before.

Physically separated RF antennas require transmission (or feed) lines to route signals
to a centralized location for processing. In the case of balanced antennas, with minimal
modification these feed lines can also implement a TLT that can be used for low-loss signal
combining in the RF domain. An example is shown in Fig. 2.1a, where 2 in-phase differen-
tial antennas ("Source 1’ and "Source 2’), with the same differential source resistance (Rg),
common mode impedance (Z¢)s) and output voltage (Vs), are connected in series to a load
(R, = 2 X Rg) through differential feed lines. If the differential characteristic impedance of
the feed lines (Zopary) is set to Rg, it can be shown that the circuit in Fig. 2.1a is trans-
formed into Fig. 2.1b. Note that the effective differential source resistance is unchanged.
But the common mode source resistance (Z¢y) is transformed to an effective common mode
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Figure 2.1: Transformation of series-connected phased array circuit model using transmission
line equation.

source resistance (Z¢,,), where Z,,, is described by the transmission line equation shown in

Eq. 2.1. The value of Z(,,, is a function of the length of the feed lines (I7,), the common-mode
characteristic impedance of the feed lines (Zcar)) and Zeay.

: [
, Zom + JZocantan (27rﬁ>
ZCM = Zo(CM)

(2.1)

Zo(CM) + jZCMtan (271’%)
From the circuit in Fig. 2.1b and Eq. 2.2 and 2.3, we can show in the case of boadside
incident waves (in-phase sources), the series connected antennas in this array optimally
transfer all their available power (Payg) to the load (P, = N Payg), provided Z¢,,, is large.

2 1 2
Let: Ry = 2Rg, Pavg = Vs P, = Vi

= ——= 2.2
SRSJ L 2RL ( )

1 2Rs\? 1 V2
r 2( S4RS> 2Rs 8Rg Avs (2:3)
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The primary loss mechanism for this circuit is the flow of current through Z¢.,,, bypassing
the load. From Eq. 2.1, we see that by maximizing Z,cur), then selecting Iy, and Zeoy,
appropriately, Z,, can be made large relative to Rg, thus minimizing losses in the TLT. A
quantitative derivation of the loss due to finite Z/,,, (and its relationship to the number of
series connected elements) is beyond the scope of this work but would be a necessary area
for future research if this technique is to be optimized.

2.2 Phase Shifting with Balanced Impedance Tuning

When using a TLT power combiner as described in Section 2.1, if the relative phase rela-
tionship between the antenna signals (¢) is non-zero, the power transfer is not optimal and
is proportional to cos?(¢/2). In effect, the TLT combiner creates a directive array and a
means to steer the beam is needed. Conventional phase shifters [6] can be used to address
this issue by adding the appropriate phase shift to the differential signals before they are
combined. However, these phase shifters are generally either passive and quite lossy [9, 10,
11] or power-intensive [5].

In contrast, by adding a reactance in shunt across each source, as shown in Fig. 2.2,
and tuning the values in a balanced way (i.e. an increase in reactance across one source
is matched by decreases in reactance across another source), we can achieve near optimum
power transfer over a broad range of ¢ with minimal loss and no active devices. This allows us
to realize a 90° phase shift with much fewer lossy components than a standard switch-type
phase shifter.

This method of phase shifting, utilizing balanced impedance tuning, differs significantly
from high /low pass and switched transmission line techniques for passive phase shifting [3,4].
By taking advantage of the symmetry inherent in a phased array, i.e. the desired phase shift
on one antenna element is the negative of the desired phase shift on another, we are able
to reduce the number of switchable or tunable passive components required from three or
four per antenna to one, while still maintaining a good match to the load. This is because
the reactance added in shunt across Source 1 is cancelled by the negative reactance added in
shunt across Source 2. Reducing the number of switched or tuned elements is very important
for minimizing phase shifter loss. Balanced impedance tuning as a method of phase shifting
may not be limited to two-element arrays and scaling up these techniques for larger arrays
would be an important area for future research. Such discussions are beyond the scope of
this work.

Steering the array’s beam using BIPS requires a mathematical understanding of the power
received (or transmitted) under various phaseshifter configurations. This can be derived
using nodal analysis, allowing us to steer the beam so as to maximize the signal from sources
of interest and is discussed in the following section.
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Figure 2.2: Two-element series connected array with proposed low-loss balanced-impedance-
tuning phase shifter.

Deriving P; Under Balanced Impedance Tuning Approach

For a 2-element array we can represent the circuit as shown in Fig. 2.3. To make the
math more tractable we replace the sources with their Norton equivalent and assume infinite
Z{- The exact equation for the power delivered to the load (Pp) as a function of the power
available from each source (P4yg), the phase difference (¢), and the reactance across each
source (Z,, where Z; = 1/Y,) is derived below.

Defining i} as the load current (ir,) when only i} is connected and 42 as iz, when only %
is connected. We can express i}, and i3 as a function of the known elements in the circuit
and define iy, as the sum of i} and 42 via superposition. (Note, R, = 2Rg. Also note, these
simplifications assume a purely reactive Z.)

) ) Rs||—Z
it =ik 5 ¢ 24
L =S (Ry=Z,) + (Rs|[+Z,) + 2Rs (24)
2 . Rs||+Z
2 2 S ¢
17 =1 2.5
L S(RS‘|+Z¢) + (RSH_Z¢) —|— 2RS ( )
Where,
Rs||+Z, | Z4P £ jRs|Zy| (2.6)

(Rs||+Zy)+(Rsl|—Zy)+2Rs — 4]Z4) + 2R%
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Figure 2.3: Thévenin and Norton equivalent circuit representation for balanced impedance
tuning approach to phase shifting.

We can also express ig; and ig9 in complex form as a function of P,yg, Rg and ¢.

iy =2 2}2‘/5 [cos(g) —l—jsin(g)} (2.7)
iz =2 2];% |:COS((§) —jsin(%)] (2.8)

Putting these together we find an expression for iy, and therefore Pr.

2P Zg|? cos(2) + | Zy| Rs sin($
iy = 4, [2Eavs | 2ol cos(3) + 2ol B ins) 29)
R, 4 Z4|> + 2R%
1.
PL = i‘ZLIQRL;RL = 2RS (210)
2
|Z4|? cos(§) + | Zy| Rs sin(%)
P; =2Pays 2 2 (2.11)
24> + 5%

Multiplying the numerator and denominator by 1/(Z4)* and replacing the impedances
with their associated admittances, we obtain:

(2.12)

P =2Pyvs {COS(@S/% + (Ys/Ys) Sin(¢>/2)] 2 |

L+ 5(Y5/Ys)?
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Figure 2.4: Normalized power delivered to the load over phase angle for range of admittances.

The power delivered to the load (Pp) is described by Eq. (2.12), where P4y is the power
available from each source. The results from this equation are plotted in Fig. 2.4 for various
Y, values, showing near optimal power transfer over a broad range of ¢.

The efficiency of this phase shifting modality will decrease if we relax our initial assump-
tion that Y}, is purely reactive. A detailed treatment of how resistive components (or finite
component ()) in Yy drive loss in the phase shifter is beyond the scope of this work but is
also an important avenue for future research.
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Chapter 3

Array Design

To evaluate the techniques introduced in Section 2, a prototype array was designed and
fabricated using the TLT-based power combiner and balanced impedance phase shifter from
off-the-shelf components. Additionally, an identical array was designed with an optimal
combining technique that utilized post-processing for beamforming for comparison. Details
of the two designs and their key components are presented below.

3.1 Key Components

The arrays consisted of three primary components: (1) the antennas or radiating elements,
(2) RF feed lines which double as the transmission-line transformer, and (3) in the proposed
array, the phase shifters based on balanced-impedance tuning.

Antennas

A two-element linear antenna array was designed. It consisted of two 2.05-GHz half-wavelength
dipoles, with 75 mm (or approximately half-wavelength) spacing, arranged to maximize
broadside radiation and minimize antenna interaction. Dipoles were chosen for their sim-
plicity and because they have a balanced output which makes interface with the TLTs
straight forward. The array is designed on a standard FR4 material (Isola FR370HR) with
a relative dielectric constant of roughly 4.1 at 2 GHz and thickness of 1.6 mm. This resulted
in dipoles of length 54.0 mm and width 5.0 mm. A series capacitance of 3.5 pF is used to
match the antennas’ differential impedance to 50 2 and each matched dipole antenna was
fed via a roughly one wavelength long differential microstrip feed line. A dimensioned detail
of the dipole antenna is shown in Fig. 3.1.

RF Feed Lines and Transmission-Line Transformers

The length of the feed line and width of its ground plane was optimized to maximize the
antenna’s effective common-mode impedance while still being long enough to route around
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Figure 3.1: Dimensioned detail of dipole antenna with matching cap (blue).
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Figure 3.2: Smith chart showing effect of varying the feed line length on the effective differ-
ential (center) and common-mode (edge) antenna impedance seen at the summing node.

surface mount type (SMT) components and to the feed port(s). A Smith chart illustrating
the simulated effect of extending the feed line length on the effective antenna differential
and common-mode impedances is presented in Fig. 3.2. As the feed line length changes the
differential impedance is virtually unchanged, while the common-mode impedance rotates
around the Smith chart. The optimal electrical length for the feed lines is therefore chosen to
maximize this effective common-mode impedance at frr. For this prototype, it results in a
73.4 mm long microstrip line of 462 pum trace width (W), 249 pum trace spacing (.5), 1270 um
ground plane width (Wgnp) and 89 pm separation between the ground plane and the signal
traces (G). A CAD model of the PCB showing the RF feedlines is shown in Fig. 3.3.
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Figure 3.3: Detail of the PCB highlighting transmission-line transformers and discrete com-
ponents that make up the per-element phase shifters.

Balanced Impedance Phase Shifters

The programmable admittance required for beam steering is connected in shunt across the
feed port of the transmission lines driving each antenna, see Fig. 3.3. This configurable
admittance is composed of a 1.6 nH fixed SMT inductor and a digitally tunable capacitor
(DTC) by Peregrine Semiconductor, PE64102MLAA-Z. The DTC varies from 1.88 pF to
14.0 pF and is controlled via SPI. The values for the inductor and DTC were chosen to
ensure an adequate range of Y, to maximize the range of achievable beam angles, based on
Eq. 2.12. An instance of programmable admittance is connected in shunt across the end of
the feed lines for each antenna.

3.2 System

After the programmable admittance, the transmission lines from each antenna are connected
in series and the remaining terminals become the array’s output port. The design is illus-
trated in Fig. 3.4. Finally, the output port is connected to a balun to map the array’s
differential output to a single-ended signal compatible with test equipment.

To compare the series phased array (described above), an optimal phased array is fabri-
cated and tested — using the same antennas, antenna spacing and transmission line layout
as the series phased array but without the shunt programmable admittances or the series
connected feed line termination. See Fig. 3.5. Each antenna in the optimal phased array is
connected to its own SMA connector and the beam steering was done in post process. Since
each antenna has an independent input/output port with perfect digital phase control and
signal combining, this array represents the optimal performance for the phased array.
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3.3 Simulation

The beamformer designs from Section 3.2 were optimized and verified using Finite Element
Method (FEM) simulations in ANSYS HFSS. The HFSS models include an identical opti-
mal phased array and series phased array with the required configurable passives for beam
steering, as illustrated in Fig. 3.6. The proposed array has lumped ports modelling shunt
phase shifters, a copper trace facilitating the series connection, and a single measurement
port. While the optimal phased array has individual ports for each antenna element.
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Chapter 4

Measurement Results

4.1 Experimental Setup

The experimental setup used for evaluating the performance of the series phased array and
reference array is shown in Fig. 4.1. It consisted of an anechoic environment (built using
foam RF-absorbers), a 4-port programmable network analyzer or PNA (Agilent N5242A),
two precision rotating platforms, and a USB-to-SPI adapter for digital control of the pro-
grammable admittance. This setup allows for measurement of S-parameters and array gain
in azimuth angle, 6. All measurements were taken at a distance of 47.2 cm to ensure far-field
operation, based on the estimated far-field distance [12] for the array.

Figure 4.1: Experimental set up for far field gain characterization.
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4.2 Results

First, the gain for a reference antenna (G rgr) was characterized using measured S-parameters
and the three-antenna method [13, 14, 15] at 2.05 GHz. Then, using the same reference an-
tenna, the S-parameters and 1D radiation patterns for the proposed and optimal phased
arrays were measured over a +90° range in 6. The measured S-parameters for boresight,
0 = 0°, are shown in Fig. 4.2. The S-parameters for the proposed array includes S11 and S21
values for different beam steering directions or beam angles. Note, simulated S11 does not
include effect of balun. There is good agreement between the measured and simulated S11
parameters and measured S-parameters show clear resonance at the desired RF frequency,
2.05 GHz, providing strong validation for the array design. The S11 in the proposed array is
reduced compared to the optimal array due to the effects of the parasitic transmission lines
shown in Fig. 3.3, which are required to route around the relatively large SM'T components.

Second, the radiation patterns for the proposed array (G apr(#)) were calculated from
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the S21(0) data using Eq. 4.1. The Friis free space path loss, L, is 32.15 dB at 2.05 GHz
and a distance of 47.2 cm (roughly 3Agp, since Agrp = 14.6¢m at 2.05 GHz).

GAUT(G) =20 10g10(|S21(0)|) + L— GREF (41)

Finally, to calculate the gain for the optimal array, the complex transmission S-parameters
measured from each antenna in the optimal array (left and right) are summed with varying
degrees of relative phase shift and scaled by v/2. The gain for each antenna in the optimal
phased array, the total gain for the optimal array (steered to a few key angles), and the array
gain for the proposed phased array are shown in Fig. 4.3. It can be seen from Fig. 4.3b and
Fig. 4.3c that the beam for the optimal and proposed arrays are both steered across a range
of beam angles. In the optimal phased array this is done by lossless, high precision, digital
phase shifting and combining in post-process. This is analogous to digital beamforming with
perfect phase control. While in the proposed phased array, the beam angle is steered by
BIPS and TLT-based power combining.

The gains for the optimal and proposed phased array for specific beam angles are com-
pared directly in Fig. 4.4. The results show that we can predictably steer the array’s beam
using programmable admittances in a series array configuration with minimal loss (1.07 dB)
even with very low quality factor (Qconp) discrete components (8 > Qconp > 5). Because
of the large step size of the DTC at 2 GHz (800 pF), only a few beam angles were charac-
terized in these experiments. However, with custom ASIC design it is possible to get much
smaller capacitive step sizes and better Qconp, even at higher frequencies.

The bandwidth for the proposed array was estimated from the frequency-dependent loss,
i.e. difference in gain for the proposed and optimal array. By plotting the proposed array’s
loss versus frequency and noting the frequencies at which there is 3 dB loss, the 3 dB
fractional bandwidth was calculated. As shown in Fig. 4.5, the proposed beamformer has a
fraction bandwidth of 20.4%.
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Figure 4.3: (a) Measured gain across azimuth angle, 6, for left and right antenna in optimal
phased array. (b) Calculated gain for optimal phased array after post processing to construct
the beam from individual antenna gain data. (c) Measured gain across azimuth angle for
proposed phased array for different beam angles configurations. The ‘Swept Max’ refers to
maximum gain at each azimuth angle that could be achieved using the optimal phased array
and optimal steering.
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Figure 4.4: Gain for the proposed (solid) and optimal (dashed) phased arrays at 6 =
+15°,0°,—15°. (b) Is a subsection of (a) showing the highlighted region in the gray box

and emphasizing the effective loss at each beam angle.
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Chapter 5

Conclusion

5.1 Summary

This work presents theoretical support, simulation results and experimental validation for
a novel, fully-passive, low-loss RF beamforming technique. The technique uses balanced
tuning of passive components for low-loss phase shifting and TLT-based power combiners
incorporated into the antenna feed lines to avoid additional lossy RF structures for power
combining.

To enable experimental validation, a 2-element, dipole array was designed at 2.05 GHz
with half-wavelength spacing and tested in both an optimal phased array configuration and
the proposed fully-passive RF beamforming configuration. The experimental results showed
only a 1.07dB reduction in gain (i.e. loss), when comparing this proposed array to the
optimal array. The loss is primarily driven by the common-mode currents in the TLTs and
component losses in the tunable passives that implement the phase shifters. This compares
well with the typical losses seen in state-of-the-art phase shifters, which are in generally
excess of 2 dB [16, 17, 18], and do not include summation losses. The loss of the proposed
passive beamformer is compared with commercial beamformer in Table. 5.1.

The proposed balanced-impedance-tuning-based phase shifters have the potnetial for low
loss since they have so few lossy components. But because they rely on the direct combination
of signals to generate a broadband match, they do not allow for individual-element amplitude

IL Bits | Frequency | Includes Combiner Loss
This Work 1.07dB | 1.5 2 GHz Yes
Miller MM6002 [16] 1.80 dB 3 1-3 GHz No
Qoevo DA007389 [17] 5.0 dB 6 2.5-4 GHz No
ADI HMC647ALP6E [18] | 4.0 dB 6 2.5-3.1 GHz No

Table 5.1: Phase shifter comparison table
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control. This could prevent the use of complex beamforming algorithms when leveraging this
technique.

Overall, good agreement is seen between theoretical, simulation and experimental re-
sults, indicating that the proposed beamforming technique is well understood. We believe
the current implementation strategies will carry over well to higher frequencies. The phase
shifters use a tunable LC tank which has seen broad application at millimeter-wave fre-
quencies. Similarly, the TLTs leverage transmission-line structures which are also common
at millimeter-wave frequencies. Furthermore, with reasonable integration (high-@) on-chip
passives) the impacts of parasitics could be minimized, providing a path forward for the use
of this technique at higher frequencies.

5.2 Future Research

Significant work can be done to better understand and improve this relatively new RF
beamforming technique. Below are a few suggested avenues for future research.

Phased arrays are not commonly deployed at 2 GHz because of the large array sizes
required and the relatively low path loss. They are more often used at higher frequencies
where a larger number of antennas can be combined in the array, while occupying a small
footprint [19]. Therefore, for the proposed technique to find application it will be important
to demonstrate that it works well at higher frequencies and with larger numbers of antenna
elements. It will also be important to find ways to extend the range of the phase shift beyond
+90° since many applications find broad ranges of scan angles to be desirable and improve
the resolution [19]. In addition, it is important to better understand the theory behind the
mechanisms of loss that apply to the proposed technique. It is qualitatively understood
that the Z(.,, and Qconmp affect the performance of the beamformer but to further optimize
the design and integration of the proposed technique, more precise quantitative analysis is
required. This will be especially true at higher frequencies and with more antenna elements.
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