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This paper presents the analysis, design, and characterization of a wideband 90° phase switch in
Ka-band. The phase switch is based on two microstrip bandpass filters in which the commutation
is performed by a novel single-pole double-throw (SPDT) switch. The analysis of m-network band-
pass filters is provided, obtaining the phase difference and amplitude imbalance between filters and
their scattering parameters; tested results show an average phase difference of 88.9° & 5° and an
amplitude imbalance of 0.15 dB from 24 to 37 GHz. The new broadband SPDT switch is based on
a coplanar waveguide-to-slotline-to-microstrip structure, which enables a full planar integration with
shifting branches. PIN diodes are used to perform the switching between outputs. The SPDT shows
isolation better than 19 dB, insertion loss of around 1.8 dB, and return loss better than 15 dB. The full
integration of the phase switch achieves a return loss better than 11 dB and insertion loss of around
4 dB over the band 26-36 GHz, with an average phase difference of 87.1° &= 4° and an average am-
plitude imbalance of 0.3 dB. It provides an excellent performance for this frequency range, suitable

for radio-astronomy receivers. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4849555]

. INTRODUCTION

Phase switches are two-port networks providing a fixed
phase difference with low-amplitude imbalance between two
states in a defined bandwidth.! As an initial design approach,
a phase switch is based on a phase shifter, which is a four-port
passive network, introducing a constant phase difference. The
four-port device is turned into a two-port one by using two
in-phase three-port microwave switching circuits, in which
DC signals modulate the circuit behavior. Phase switches are
relevant components in several wideband applications, such
as phased-array antennas, phase modulators, control applica-
tions, or as a part of microwave measurement systems.

The design of wideband phase shifters has been widely
described in the literature using quite different topologies.!~!”
Since Schiffman' designed A/4 coupled-line sections achiev-
ing 90° phase shift in an octave bandwidth, many approaches
based on transmission lines,2™ bandpass filters related to
a reference transmission line,'%!> or reflection-type,'® have
been implemented to improve the operating bandwidth or
phase imbalance. Most phase shifter arrangements are de-
signed using a transmission line as a reference circuit. Other
approaches use modified configurations instead of the trans-
mission line, synthesizing coupled section,’ or bandpass filter
(BPF) topologies'! 1317 as reference circuits.

Phase switches are essential components in many ap-
plications, such as phased-array antennas, modulators, mi-
crowave systems, or receivers. Some of these receivers with
phase switches are used in radio-astronomy, typically in
radiometers'®?? and interferometers.?' These radiometers are
high-sensitivity coherent direct detection receivers designed
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for sky observation, in which the phase switching ensures that
gain fluctuations in the low-noise amplification chain do not
affect the overall radiometer stability. The receivers for the
PLANCK,'® QUIET," and FARADAY? experiments were
developed using 180° phase switches to characterize the cos-
mic microwave background (CMB), which is the most impor-
tant source of information about the evolution of the universe.
A recent experiment, the QUIJOTE project,?>?* is developing
a ground-based receiver in order to characterize the polariza-
tion of the CMB and other galactic emissions. The radiometer
will be able to simultaneously measure three of the Stokes pa-
rameters (Q, U, and I), which describe the polarization state
of an electromagnetic wave. The receiver scheme comprises
0/180° and 0/90° phase switches to generate four polarization
states and their performance is crucial in order to obtain the
Stokes parameters,** minimizing leakage among them and, at
the same time, overcoming the 1/f noise and different system-
atic errors in the receiver.

This paper presents the analysis, design, and character-
ization of a 90° phase switch based on BPF combination as
shifting branches. The design is focused on covering the fre-
quency band from 26 to 36 GHz, with the aim of being used
in QUIJOTE Phase II receivers. The BPFs are analyzed in
order to obtain the phase behavior between branches. Full
analysis is provided in order to make tradeoffs between phase
and insertion-return loss of the branches. Moreover, the full
phase switch performance is analyzed in terms of phase dif-
ference and amplitude imbalance errors due to SPDT mis-
matching and isolation. The designs of the BPFs and a novel
SPDT switch using planar technology are also described. The
SPDT combines coplanar waveguide (CPW), slotline, and
microstrip technologies. After the description of the phase
switch analysis in Sec. II, the designs of the BPFs and the
SPDT based on modified CPW-to-slotline transitions which
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make up the phase switch are discussed in Sec. III. The fab-
rication and characterization of individual filters, the SPDT
and fully integrated phase switch, as well as a comparison
with other previous reported works are described in Sec. IV.
Finally, Sec. V draws general conclusions.

Il. PHASE SWITCH ANALYSIS

The proposed topology for the 90° phase switch is shown
in Fig. 1, consisting of two BPF branches and two SPDT
switches. The BPFs are suitable for a radio-astronomy re-
ceiver, since they enable an operating frequency band to be
defined and the effective bandwidth of the radiometer to be
sustained in both states of the phase switch. Therefore, the
design is focused on achieving a flat 90° phase shift over a
broad frequency range, as well as a low amplitude imbalance
between branches and low return loss.

In Secs. IT A-II C, the phase switch analysis is discussed.
The BPF branches are considered as w-networks, in which

Yp - tan(by;) — Yy - cot(6;)

[Y1=j-
Ys - csc(6;)

where Yp = 1/Zp and Y5 = 1/Zg are the admittances of the
transmission lines and 6; are their electrical lengths.

Since the analyzed m-network is symmetrical, using
Eq. (2), the transmission phase can be expressed at fj as

@, (fo) = cos™! <—i)
Yip

— cos! <_YP - tan(fy;) + Ys - COt(9i)) e
Y, - csc(6;)

It is observed that Eq. (3) can be solved only when the
following condition is satisfied:
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FIG. 1. Proposed topology for the 90° phase switch.
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the phase shift of the circuit is the difference between each
individual BPF phase at the center frequency fj as expressed
in Eq. (1):

A®D (fo) = Ppprar (fo) — Pepre2 (fo) - (1)

The expression of the phase difference over a frequency range
is obtained. The return and insertion loss are discussed in or-
der to consider them as design goals.

A. n-network BPF admittance matrix

The BPFs considered in the design are based on symmet-
rical 7 -topologies using shunt open-circuited stubs. The basic
m-network topology which is analyzed is shown in Fig. 2(a).
The equivalent admittance matrix, depicted in Fig. 2(b), of a
single m-network can be easily derived from circuit analysis.

The Y-matrix of open-circuited stub w-networks at fj is
given by (2):

Ys - csc(6;)
, (2)
Yp - tan(by;) — Ys - cot(6;)
[
When Zp = Zg, Eq. (3) can be rewritten as
O5i +6;

@, (fy) = cost (2 £0) 5)

cos (05;)

B. Phase difference performance

The 90° phase switch is based on two BPFs designed us-
ing m-networks. The topology of BPF #1 in Fig. 1 is com-
posed of a w-network with a pair of series transmission lines
in its accesses. On the other hand, BPF #2 in Fig. 1 uses two
cascaded m-networks. Both BPF schematics are depicted in
Fig. 3.

Substituting the impedances and electrical lengths of
each BPF in Fig. 3 into Eq. (2), the Y-parameters of the
branches can be obtained, and applying Eq. (3), the trans-
mission phases of each BPF at an arbitrary frequency are

[Y]

|r Zs, 0; | |r Ys I
— : I L :
- e
[ |

! | , ,
| Zen6i _ _ Zn0s | __ j

(a) ()

FIG. 2. m-network topology. (a) Single network. (b) Equivalent Y-matrix.
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FIG. 3. BPF schematics of the proposed 90° phase switch.

given by

=Yy, - tan(n - 515)+ Yoy - cot(n - 92b))
Yy - csc(n - 02p)
+n- (ea + 9())7 (6)

Ppprsi(n) =cos™! (

—Y14 - tan(7 - O514) + Yoq - cot(n - 92d)>
Yaq - csc(n - 62g)

+COS_] <_Yle : tan(’? : 0s16)+Y26 : COt(T] . 926))
Y2, - cse(n - 02e) |

®ppraa(n) =cos™! <

)

where n = f/fy is the normalized frequency, Y; = 1/Z; is the
admittance, and 6, is the electrical length of each transmission
line.

Finally, to obtain the phase difference of the phase
switch, Egs. (6) and (7) are substituted into Eq. (1).

In the analysis that follows, both BPFs consist of quarter-
wavelength in series transmission lines and half-wavelength
in shunt ones at the center frequency fy and the w-networks
in BPF #2 are identical (Zi; = Z. and Zpy = Z.). The
impedances of the input Z, and output Z. transmission lines
in BPF #1 are assumed to be the same values as the series
impedance of the 7 -network in its branch Zy.

Hence, the phase difference between branches is ex-
pressed as

AD(n)

=Y

tan(n) sin( n)—l—cos( n)
Yo 7 ) )

—2.cos! <_Y§;d -tan(n7) - sin (n%) + cos (n%)) .
3

The phase difference expression shows the dependence on
the admittances of the transmission lines. A range of admit-
tance ratios between 1/4/2 and 2 are considered for Y 1w/ Y2
and Y,,/Y>4, and a combination of these values is taken in
Eq. (8). The phase error PE is analyzed in the band of interest
(26-36 GHz, center frequency fo = 31 GHz) and it is defined
as

=n-n+cos_1<

PE() = 190" — [A®()|]. (€))
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FIG. 4. Maximum phase error versus admittance ratios of BPF #1 in the
frequency band from 26 to 36 GHz for different admittance ratios of BPF #2.

The maximum value of the phase error over the frequency
band 26-36 GHz, for a combination of admittances for BPF
#1 and BPF #2, is shown in Fig. 4. Considering a PE lower
than 0.5°, three minimum in-band values are obtained when
the ratios (Yap/Y1s, Yaa/Y1a) are set to [(1, 1.35), (1 + +/2) / 2,
1.55), (+v/2, 1.72)].

On the other hand, the S-parameters of the BPFs are cal-
culated, analyzing their amplitude imbalance (Al) and return
loss. Al is defined as

AI(dB) = 10 - log 10|S>15pr#1/S21pr#2l*. (10)

A minimum value, over the band 26-36 GHz, in Eq. (10)
is desired and, simultaneously, optimum return loss. Assum-
ing the ratios of admittances (Y2,/Y1p, Y24/Y14) in each branch
for minimum PE, the admittances Y, and Y,; are swept in
a range between l/ﬁ-Yo and \/E/Yo (Yo = 1/50) and the
Al are analyzed. The maximum value of the amplitude im-
balance for each sweep is calculated in the 26-36 GHz fre-
quency range. The sweeps which provide the smallest value
of AI are shown in Fig. 5 versus 1/Yy, since the 1/Y,, sweep
provides an optimum value equal to 1. An optimum value
for Al is achieved when the normalized admittances for both
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0.4 —o—E:E/l.ss,gﬂ,ﬁ:@/ﬁﬁﬁ/z)
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)
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FIG. 5. Maximum amplitude imbalance versus normalized series admit-
tance, Y24, in the frequency band from 26 to 36 GHz for different admittance
ratios.
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FIG. 6. Maximum input return loss versus normalized series admittances in the frequency band from 26 to 36 GHz. (a) BPF #1. (b) BPF #2.

filters are equal to 1/Y_2d =1.03,Y, = Y_Zd/l.72,Y_2b =1,
and Yy, = Y2y//2.

Moreover, the return loss in each branch is analyzed for
the same sweeps. The maximum return loss over the fre-
quency range from 26 to 36 GHz versus normalized series
admittance is depicted in Fig. 6 for both filters. The opti-
mum values are achieved when 1/Y,, = 1.13 for BPF #1 and
1/Y54 = 0.89 for BPF #2. When the lowest Al value is consid-
ered, the maximum return loss is better than 15 dB for both
filters.

The above analysis shows optimum A/ and return loss for
different values of the swept normalized series admittance,
but close to 1. Therefore, as a tradeoff between Al and return

AD(n)
=77 4cos”! (% - tan(nm) - sin (n%) + cos (n%))
—2-cos”! <% -tan(nm) - sin (n%) + cos (n%)) .
(11)

The input return loss and insertion loss of each BPF are cal-
culated using the cascaded admittance matrixes of each sub-
network and series transmission lines (Z, and Z_.), which are
given by

Y e 1 7y 1 b4
loss, the normalized series admittances Y,; and Y5, are fixed 30 cot (175) 50 csc (n E)
to 1 as initial approach and the admittance ratios of (Y2,/Y1p, Y. =[Y]=J ,
You/Y1a) = (2, 1.72) are selected. 1 .CSC< T ) 1 cot (n™ )
The phase difference for the admittance ratio (Y2,/Y1p, 50 g 2/ 50 g 2
Yaa/Y1a) = (v/2, 1.72) is given by (12)
1 tan (77) 1 t( n) 1 ( n)
—— -tan(nw) — — - cot (n— — .csc(n—=
707 T T 5 3 50 7
Yy]=- , (13)
( 7'[) 1 tan (770) 1 t( 7'[)
— .csc(n—= —— -tan(nw) — — - cot ( n—
50 ) 707 T T g )
! tan(n) ! cot ( 71) ! csc ( il )
—_— n —_—— p— [R— p—
B T R ) 50 3
Yal=1[Y]=]"- (14)
1 ( n) 1 tan(n) 1 t( rr)
— -csc(n—= — -tan(nmw) — — -cot (n—
50 ) 86 T 50 )
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FIG. 7. Ideal response of BPFs. (a) Return loss and insertion loss. (b) Phase difference and amplitude imbalance.

The performances in terms of input return loss, insertion
loss, phase difference, and amplitude imbalance from 24 to
38 GHz of the ideal BPFs are depicted in Fig. 7. As a con-
clusion, using the proposed 90° phase shifter enables mini-
mum phase error and amplitude imbalance to be achieved,
as well as remarkable return loss in the band of interest.
The circuit analysis shows that a design using quarter- and
half-wavelength for series and shunt transmission lines, re-
spectively, at the center frequency fy, with a ratio of admit-
tances defined by (Y2,/Y1p,Y24/Y14) = (ﬁ, 1.72) considering
Y1, = Y14 = 1/Zy satisfies the requirements of phase error,
amplitude imbalance, and matching.

C. SPDT non-idealities impact

The phase switch is considered as the block diagram
shown in Fig. 1, in which the reflection coefficients between
subnetworks are described. These coefficients enable the mis-
matching effects (reference planes R; and R,) to be analyzed
in terms of error in phase difference (E®) and amplitude im-
balance (EAI). Besides, the effect of the isolated branch is also
considered.

The analysis considers reciprocal and identical SPDTs
and is fulfilled when the transmission is performed by
BPF #1. The analysis for the switched state transmitting by
BPF #2 (S218pr#2_¢) is analogous. The S-matrix of the whole
circuit is obtained, defining SPDTs and BPFs by their S-
matrixes composed of terms Sjis (i, j = 1, 2, 3) for the SPDT
and Sippr# (i, ] = 1, 2) for the BPFs and k = 1, 2 indicates
the filter. The transmission parameter in this state is given by

1
|_F-B+B-F—-C-E
_|:521S'521BPF#1'(D+E-A—B-D)

(1 — Soompr#r - Fig2)
S315 - Soupprs - (D+E-A—B - D)]
(1 — Saoppr#2 - S335) ’

So1BPR#1_C =

+

5)

where
S2 - Tp
T I e (16)
I — S35 T2
S%lBPF#Z - 8335
o2 = Somprin + , a7
1 — SiiBPF#1 - S338
r S n S5 1mprar - Lis2 (18)
i1 = S11BPF#I ,
1 — Soomprar - Tis2
S%IBPF#2 - 8335
Ii2 = Siispr# + (19)

1 — SBpr#2 - S33s

and A = Sy5, B = Spps-T'it, € = S35 T'io, D = Says,
E = S335 - T'j1, and F = S335 - Tz,

Both transmission parameters for each circuit state are
obtained, which enable the errors in phase difference and am-
plitude imbalance to be calculated by subtracting the calcu-
lated phase difference and amplitude imbalance of the phase
switch to the values of the ideal BPFs (Al and A®), shown in
Fig. 7. These errors are defined by

EAI = 10 - log 10]S218pr#1_c/Saisprse_cl* — AL, (20)

E® = /(S218pr#1_c/S218PFi2_c) — AD. 21

The above expressions take into account the non-
idealities of each subsystem and the interaction between them.
SPDTs isolation (S3,5) and output return loss (Sys) are swept
over the operating frequency range. High isolation between
output ports of the SPDTs is considered, so its impact is neg-
ligible. Figures 8(a) and 8(b) depict the errors in phase and
amplitude for different isolation values and perfect matching
at transmitting output. Isolation greater than 16 dB provides
phase errors and amplitude errors lower than 5° and 0.6 dB in
the band from 26 to 36 GHz. In Figs. 8(c) and 8(d), a 16 dB
isolation is considered and the SPDTs output return loss are
swept. Therefore, mismatching errors in SPDT interconnec-
tions are analyzed. When output return loss is better than
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FIG. 8. Errors in phase (E®) and amplitude imbalance (EAI) of the phase switch relative to ideal A® and Al of the BPFs. (a) and (b) SPDT isolation sweep
with perfect output return loss; (c) and (d) SPDT output return loss sweep with isolation 1535l = 16 dB.

14 dB, phase errors and amplitude errors lower than 6° and
0.6 dB in the band from 26 to 36 GHz are obtained.

As a conclusion, the impact of the SPDTs behavior in
the full phase switch performance is analyzed and becomes
significant in phase difference and amplitude imbalance devi-
ation when isolation and output return loss are worse than 16
dB and 14 dB, respectively.

lll. PHASE SWITCH DESIGN

To verify the proposed topology for the phase switch and
the theoretical approach developed in Sec. II, a prototype of
the phase switch is designed. The analysis in Sec. II B de-
termines initial design parameters of the BPFs that provide
the phase difference. In order to have a phase switch with the
complete functionality, a SPDT that commutates between fil-
ters is also developed, taking into account the requirements of
isolation and return loss described in Sec. II C.

A. Bandpass filter design

The BPF designs are aided with electromagnetic simula-
tors using microstrip technology. The filters are designed on a
0.254-mm alumina substrate (¢, = 9.9, tan § = 0.0001).

Initial parameters for the transmission lines are set as
was determined in theoretical analysis for the impedance
and electrical length values. Since a microstrip approach is
considered, interconnections (T-junctions) between transmis-
sion lines are taken into account due to their relevant effect
in millimeter-wave frequencies. Therefore, design parame-
ters are optimized in order to fulfill PE, Al, and return loss
requirements.

As can be observed in Fig. 3, the BPF #2 is divided into
two cascaded m-networks. Thus, the shunt stubs of each net-
work, connected to the same electrical point and with the
same impedances (Z;; = Z;.), are simplified to an equivalent
shunt stub with the same impedance value and an equivalent
electrical length given by

Oieq = ot (cot (B514) + cot (B51,)) - (22)

The schematic of both BPFs with the equivalent shunt
stub in BPF #2 is depicted in Fig. 9. Moreover, it shows the
dimensions of the different transmission lines, in terms of
widths and physical lengths after optimization process.

w=0.5

=0726  1=0.989 |

w=0.052
£=1.859

FIG. 9. BPF schematics with dimensions of the microstrip lines (dimensions
in mm).
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B. Novel SPDT design

The commutation between BPFs is performed by a SPDT
switch. Since this circuit selects the propagation branch of the
phase switch, the isolation between SPDT arms is significant.
High isolation values ensure negligible leakage signal from
the switched-out branch and avoid degradation of the phase
switch performance. Moreover, the aim of the SPDT is to
provide low return loss level and flat insertion loss over the
operating bandwidth.

A novel circuit is designed in CPW, slotline, and mi-
crostrip technologies, in the same substrate as the BPFs. This
solution enables an easy integration of the SPDT with the
phase shifting branches, making possible to develop the en-
tire phase switch in planar technology. Furthermore, this solu-
tion avoids the use of bond wire interconnections to an exter-
nal SPDT, such as a monolithic microwave integrated circuit,
which affects the whole circuit behavior due to their direct
impact on phase at these frequencies.

A simplified schematic of the SPDT is shown in
Fig. 10(a). It is based on the use of a modified CPW to
slotline transition: it has double and symmetric output ways
in which the short-circuited quarter-wavelength slotline stub
is performed by a diode. The use of slotlines facilitates the
assembly of switching devices. In order to improve isola-
tion results, two switching elements are used in each slot-
line branch, so the equivalent electrical length of each slotline
way is three quarter-wavelength. The devices are placed at a
quarter-wavelength electrical distance from the input and out-
put CPW-to-slotline transitions and between them. Besides,
a transition from CPW to microstrip line is implemented in
order to connect the BPFs with the SPDT. The layout of
the SPDT is shown in Fig. 10(b), in which the dimensions
of the CPW and slotlines are defined and they are listed in
Table I. The CPW and slotline circuits are designed with no
bottom metallization, whereas for the microstrip it is pro-
vided. Therefore, the etching of back metallization is added in
the CPW-to-microstrip transition, implementing 0.2 mm ra-
dius via holes to improve the response. The side CPW con-

(b)

FIG. 10. CPW-slotline-microstrip SPDT. (a) Schematic diagram of the (L = A/4 at center frequency). (b) Layout showing circuit dimensions.

tacts are gradually tapered. In order to bias the switching
devices, a narrow gap is introduced between slotline round
stubs. This gap creates an isolated area where a DC bias point
could be provided.

IV. CHARACTERIZATION

S-parameter tests of the BPFs, the SPDT, and the full in-
tegrated phase switch are performed in the Ka-band. The char-
acterization is done using a coplanar probe station and a vec-
tor network analyzer (E8364A from Agilent Technologies).

A. Bandpass filter characterization

Both BPFs are tested in order to validate their perfor-
mance. Measured results are shown in Fig. 11, in which they
are compared to the electromagnetic simulations.

The measured results are consistent with the electro-
magnetic simulations, obtaining input return loss better than
13 dB and insertion loss of about 0.5 dB. Phase difference
result shows an average value of 88.9° £ 5° and an average
amplitude imbalance of 0.15 dB from 24 to 37 GHz. There-
fore, a relative bandwidth of 42 % is achieved. Considering
the bandwidth of the radiometer (from 26 to 36 GHz), a phase
difference of 88.8° &+ 1.1° is obtained.

TABLE I. Physical dimensions of the SPDT.

Variable Value (mm) Variable Value
g1, 83, 84 0.05 Ez 0.66 mm
2 0.121 £3 0.85 mm
Wi 0.104 in 0.2 mm
w2 0.25 [ 45°

£ 0.51 [0 27°
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FIG. 11. Microstrip BPF tests and electromagnetic simulations comparison. (a) BPF #1 S-parameters. (b) BPF #2 S-parameters. (c) Phase difference and

amplitude imbalance between BPFs.

B. SPDT characterization

A photograph of the SPDT is shown in Fig. 12. The
SPDT is individually measured without microstrip transitions
for measurement feasibility reasons. In order to validate the
performance of the circuit, the switching devices must show

FIG. 12. Photograph of the CPW-slotline SPDT with four PIN diodes as
switching devices and the bias network.

an equivalent low series resistance in its ON state, whereas
a low capacitance in its OFF state. The selected devices are
microwave PIN diodes model HPND-4005 from Avago Tech-
nologies. The SPDT performance in one of its state is shown
in Fig. 13, defining the reference planes at the CPW accesses.
The measurements show remarkable isolation, better than
19 dB (S315) in the frequency band from 26 GHz to 36 GHz,
with low insertion loss of 1.8 dB, return loss level in accesses
better than 15 Db, and transmission loss from coupled to iso-
lated ports (S3,5) better than 24 dB.

The bias network of the diodes is implemented by a
quarter-wavelength bonding wire (diameter d = 25 um), a
capacitor C = 0.5 pF, and a series resistor R = 10 Q. The re-
sults are performed for a 20 mA forward current per diode and
state, so the total DC current consumption is 40 mA/state. The
performance improves the bandwidth and return loss using
hybrid technology with discrete PIN diodes compared with a
Ka-band waveguide approach.?*

C. SPDT-BPF-SPDT interaction analysis

In this section, the analysis described in Sec. II C is
performed with measured S-parameters of the SPDT and
BPFs. The errors introduced in terms of phase difference and
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FIG. 13. SPDT measured S-parameters using four PIN diodes.

amplitude imbalance relative to the measurements of the
BPFs are shown in Fig. 14. Phase and amplitude imbalance
errors better than 6.4° and 1.1 dB are expected for the inte-
grated phase switch.

D. Phase switch characterization

To validate the complete phase switch design, the BPFs
and the SPDT are integrated in planar technology. The phase
switch circuit is shown in Fig. 15, in which top and bottom
views are depicted. The bottom view shows the absence of
metallization in the backside of the SPDTs over its CPW and
slotline parts, while for its microstrip line and the BPFs the
back metallization is provided.

The whole circuit is implemented and tested in a copla-
nar probe station. The phase switch is characterized with PIN
diodes and the performance for a total DC current consump-

Rev. Sci. Instrum. 84, 124704 (2013)
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FIG. 14. Errors in phase (E®) and amplitude imbalance (EAI) of the phase
switch relative to measured BPFs.

tion of 80 mA is shown in Fig. 16. The measurements for each
phase switch state show return loss better than 11 dB and in-
sertion loss of around 4 dB over the frequency band from 26
to 36 GHz, with an average phase difference of 87.1° & 4° and
an average amplitude imbalance of 0.3 dB. The reduction in
the working bandwidth from the BPF characterization is due
to mismatching effects between SPDT and BPFs and, also,
imperfections in fabrication of the full circuit. As a conclu-
sion, the integration of the SPDT circuit in the phase switch
has demonstrated an excellent performance with low PE
and AL

A comparison with other previously reported works is
shown in Table II. The lack of broadband integrated phase
switch circuits at these frequencies makes difficult the com-
parison. The results obtained are outstanding compared to
other phase shifters taking into account the complexity due
to the frequency range, since relative bandwidths greater than

(b)

FIG. 15. Photograph of the full integrated phase switch circuit. (a) Top view. (b) Bottom view.



124704-10  Villa et al.
0 z T . T . T g T . T z T T
F —=— PS BPF #1
-SF —v— PS BPF #2 A
10+ i
T 15} )
@ -20 %)
-25 i
_30 A 1 . 1 i 1 i 1 2 1 i 1
24 26 28 30 32 34 36 38
Frequency (GHz)
0 g T 2 T z T E T g T z T .
—=— PS BPF #1 |
21 —v— PS BPF #2
) .
S e
= S
0 <
-8t i
_1 0 A 1 3 1 i 1 i 1 A 1 i 1 2
24 26 28 30 32 34 36 38
Frequency (GHz)

Rev. Sci. Instrum. 84, 124704 (2013)

0 z T : T g T g T T T T T
—=—PSBPF#1 |
—v—PSBPF#2 1

28 30 32 34

Frequency (GHz)
70 i T 5 T " T L T g T

100

Al (dB)

110

120

130 " 1 s 1 N 1 . 1 . 1 . 1 s
24 26 28 30 32 34 36

Frequency (GHz)

FIG. 16. Phase switch circuit measurements: S-parameters for both transmission branches, phase difference (A ®), and amplitude imbalance (A]).

30% are difficult to obtain. Besides, the integration of the full
circuit shows better reliability, PE and A/ in the band of in-
terest with lower insertion loss than design reported by Villa
et al.,' in which bonding wire interconnections between sub-
systems are critical because of their direct impact in phase
results. These facts ensure also a higher repeatability for a

multipixel receiver.

22,23

TABLE II. Comparison of wideband 90° phase switches.

Frequency Relative PE Al IL RL

Type (GHz) BW (%) (°) (dB) (dB) (dB)
Loaded line? 2.3-5.5 82 6.4% 06 10
Coupled lines* 3-7 80 42 <25 13
Transmission lines® 3-11 114 34 <04 15
Schiffman type’ 1.5-3.1 69 54 0.5 12
BPF-line!? 1-2 66 2.1 <05 18
BPF-line!2 1-3 100 2.5% <05 12
Transmission lines'>  2.02-6.18 101 54 L.o<12 12
Reflection-type'® 0.8-2.6 105 19 034 <28 10
BPF-BPF!7 24-37 42 6 05 4.5 15
Transmission lines?! 40 ... 33 0.008 44 20
This work 24-37 42 5015 05 13
26-36 33 L.1* 015 05 13
This work 26-36 33 4 03 4 11

4Switch function not integrated.

V. CONCLUSION

The analysis, design, and characterization of a 90° phase
switch working in the Ka-band are described. The proposed
configuration uses broadband SPDTs on planar technology in-
tegrated with wideband phase shifting branches based on BPF
designs. The full analysis of -network BPFs is performed in
order to obtain the phase difference by sweeping the optimum
impedance ratio for quarter- and half-wavelength electrical
lengths taking into account the minimum phase error and am-
plitude imbalance. The relationships between the two BPFs
in terms of phase difference, relative phase error, and ampli-
tude imbalance are established. Individual BPFs are designed
and tested, with return loss better than 13 dB and insertion
loss of about 0.5 dB; the phase difference shows an average
value of 88.9° & 5° and an average amplitude imbalance of
0.15 dB from 24 to 37 GHz (relative bandwidth of 42 %). A
novel broadband SPDT switch using PIN diodes as switch-
ing devices is designed and tested, showing isolation bet-
ter than 19 dB with insertion loss of about 1.8 dB and re-
turn loss better than 15 dB. The full integration of the phase
switch provides return loss better than 11 dB and insertion
loss of around 4 dB over the frequency band from 26 to 36
GHz; an average phase difference of 87.1° £ 4° and aver-
age amplitude imbalance of 0.3 dB is obtained. The results
obtained are outstanding taking into account the complexity
due to the frequency range and to the effects that the SPDT
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adds to the performance regarding the individual branches.
Moreover, the phase switch designed is suitable for radio-
astronomy receivers based on differential schemes with phase
switches.
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