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Abstract—This paper presents the implementation of an 8
bits programmable active phase shifter for phased array
antenna applications. This circuit is designed to operate in
the bandwidth that goes from 27.5 GHz to 30 GHz and it
has been implemented in SiGe_1K5PAx technology of
Global Foundries. The phase shifter has a vector sum
phase structure, generating 360° phase shifts. Also, is
composed by of a quadrature generator formed by a
polyphase filter. In the same way, is composed by of an
amplifier based on a Gilbert cell, considering the current
of the Digital/Analog Converter (DAC), that will perform
as current mirror of the net mentioned.

Keywords-component; Programmable Phase Shifter,
Phased Array Antenna, SiGe, Vector Sum, 360° Phase
Shifts, Quadrature Generator, Polyphase Filter, Gilbert’s
Cell, Digital/Analog Converter.

l. INTRODUCTION

The Global Foundries (GF) 5PAx and 1K5PAX processes
are the latest additions to the GF SiGe family of technologies,
also composed of 5PAe and 1KW5PAe. The four processes
make up a family that provides significant performance, ease of
integration and acceptable price for customers currently using
alternatives based on Gallium Arsenide (GaAs). The latest
offers, 5PAx and 1K5PAX, are optimized to meet the rigorous
demands of evolving mobile standards such as 802.11ac, which
requires data performance three times faster than the previous
generation of standards. These processes allow to implement
power amplifiers (PA), low noise amplifiers (LNA) and
switching circuits optimized for energy efficiency, improved
noise figure and insertion losses, allowing to implement next-
generation Wi-Fi and cellular solutions more efficient in power
consumption and allowing faster access to data and
uninterrupted connections [1].

The design of the electronic phase shifter, object of this
paper was carried out using the GF 1K5PAXx SiGe process. The
SiGe 1K5PAX process, like its predecessor 1IKW5PAe, is built
on a high resistivity substrate and is optimized to maximize
circuit integration and performance.

Il.  PROPOSED PHASE SHIFTER ARCHITECTURE

Currently, the electronic phase shifters that are used for
phased array antennas have a vector sum phase structure,

being able to generate 360° phase changes. In addition, they
consist of a quadrature generator made up of polyphase RC
filters and quadrature all-pass filters, as well as the effects of
load capacities. In the same way, they consist of an amplifier
based on a Gilbert cell, in which the current of the
Digital/Analog Converter (DAC) must be taken into account,
which will act as a current mirror for the said network [2].

A. First Orden Polyphase Filter

The quadrature generator is the circuit responsible for the
generation of two pairs of differential outputs in phase and
quadrature from a differential input. Two typical
implementations of quadrature generators are RC Polyphase
Filters (PPF) and RLC Quadrature All-Pass Filters (QAF). RC
Polyphase Filters are widely used in image rejection reception
architectures [3] and are constructed from RC-CR networks
that generate two voltages with 45 ° and -45 ° phases at a
central frequency, so that the difference between exits phases is
90 °.

Figure 1 shows the scheme of a first order polyphase filter
designed and simulated in the Cadence software for a center
frequency of 28.75 GHz. In this case, to generate the
differential input signal, an ideal balun is used. Due to the
excessive size that a circuit of these characteristics can present
and the complexity of the electromagnetic simulations
necessary for its design, it is estimated that this component will
be external and is not the object of this work.



Fig 1. First order polyphase filter.

B. Phase Shifter

A detailed schematic of the phase shifter can be seen in
Figure 2. In this scheme we can see how the first order
polyphase filter mentioned in the previous section would be
connected to the input of the network of differential amplifiers
based on Gilbert cells, whose current sources and its active
load is composed of transistors. The outputs of the differential
pairs are connected to the output buffer. Finally, the circuit
output is delivered to the next circuit in the chain through an
adaptation network.

Fig 2. Phase shiter.

To access the four quadrants of the unit circle, only one of
the differential pairs is enabled at a time. In this case, the
control is implemented by applying a voltage on the gate or

gate terminal of the phase amplifiers, as in quadrature
amplifiers. For example, to access the first quadrant, the
positive amplifiers of both | and Q are activated, so they are
connected to the bias voltage respectively, while the negative
amplifiers are connected to ground. The gain of each amplifier
is controlled by varying the bias voltages.

The phase change in this topology is made thanks to the
current that passes through each branch. If, for example, we
want to provide an output signal that is in the first quadrant
(phase between 0° and 90°), we must conduct the current
through I+455. 1 and I745 3 and keep 452 and Irgqpaat O
mA. Varying their values and ensuring that the magnitude of
the sum of both currents is constant will provide different
phase changes [4].

C. Digital/Analog Converter

The current DAC is designed to allow 8-bit digital control
of phase changes. This circuit acts as a current mirror of the
circuit discussed above and is responsible for providing the
different tail currents that give rise to the different phase
changes. In order to provide the tail currents necessary for each
phase step, the current source must be carefully designed. To
do this, the architecture shown in Figure 3 will be
implemented.

Fig 3. Current DAC.

In this architecture the transistors must have the correct
size to provide the necessary tail currents. The principle of
operation of this circuit is simple: The current generator
located to the right of the schematic (reference branch of the
DAC) establishes a constant tail current that is divided
between routes | and Q. The tail current then passes to through
a series of NMOS (Negative-channel Metal-Oxide
Semiconductor) transistors controlled by a Vgate voltage that
is associated with each of the 8 bits that make up the DAC. In
this topology, the control of the unit circle quadrant is
established using the combinational logic that gives rise to the
different bit configurations that are implemented by activating
or deactivating the NMOS transistors by applying or not
applying the Vgate voltage on them. Due to the fact that the
necessary currents have very specific values, each bit branch
is connected to several transistors connected in parallel to
regulate the current flow. On the left of the schematic (output
branch of the DAC) there is a current mirror formed by PMOS
transistors (Positive-channel Metal-Oxide Semiconductor),
which will be responsible for making the copy of the current
from the bit branches with in order to guarantee the correct
functioning of the circuit.



I1l.  SIMULATION RESULTS

Once the polyphase filter, phase shifter and DAC were
successfully implemented, to complete the design, the
complete phase shifter including the DAC was simulated.

The objective that was sought in this final part of the design
was to obtain the different lags for the four quadrants taking
into account the current values generated by the DAC and the
phase step (5.625°) established in the specifications. For this,
the complete phase shifter was simulated using the setup
shown in Figure 4, where it can be seen that the four DACs that
replace the four current sources present in the previously
designed phase shifter are located at the top of the schematic.

As a result of the simulations of the complete phase shifter,
Table 1 and Table 2 show the currents obtained for the first and
second quadrants since the values of the first quadrant are
equal to those of the third and those of the second are equal to
those of the fourth . Table 1 and Table 2 show the current and
phase errors between the phase shifter without DAC and the
simulated full phase shifter. Since these errors are not
significantly large and we comply with the initially established
specifications, it can be stated that the objective of the specified
phase step is achieved.
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Fig 4. Complete phase shifter simulation setup.

Tab 1. First and third quadrant currents obtained from the
complete phase shifter.
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Tab 2. Second and fourth quadrant currents obtained from the
complete phase shifter.
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IV. CONCLUTIONS

In order to record compliance with the requirements
throughout the design process, Table 3 shows the results of the
phase shifter obtained at the conclusion of the procedure
carried out. In this table a comparison is made between the
specifications required for the implementation of the
programmable phase shifter and the complete design. In
addition, Table 1 and Table 2 show how the simulation results
reflect that the currents generated by the complete phase shifter
are similar to those obtained in the phase shifter simulation
without DAC, which denotes the satisfactory development of
the design.

Tab 3. Comparison between specifications and results.

[ sooemions [ ComplowPtasesimar |

Parameter. Min. | Tip. | Max. Results Units.
Freguency Range. 275 - 30 275-30 GHz
Phase Rangse. 0 - 360 0-360 °
Precision/Step s
Phase Control 1.40625( - 5625 1.40625 - 5.625
Phase Error
Throughout the - -- 5 4 93595 °
Frequency Band
Amplitude
Flatness for — - 1 -0.00728 dB
Phase Change
mﬁ. Ehivgss @ - - 2 142665 dB
Input/Output
Adaptation (S+1) — - -12 -7.8660/-27.1454 dB
Output Port
Isolati - -24 - -67.7695 dB
Operating.
Temperature -40 - 85 -40-25-85 °C
Range
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