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Abstract. The Stokes parameters of the polarized sky emission are detected by a correlation unit called Hybrid
Phase Discriminator (HPD), which uses signals obtained by an Ortho-mode Transducer (OMT). In the millimeter
wave range and for rather large bandwidths, heterodyne receivers are not applicable, and the correlation units
have to work at the frequency of the radiometer. This contribution deals with a Ka-band prototype of a new
configuration of waveguide HPD, which presents a high degree of sensitivity for the detection of linearly polarized
radiation.

INTRODUCTION

The construction of multifrequency polarization maps of the galactic emission and the Cosmic Microwave Background
investigation require the availability of radiometers with a high level of rejection for the non polarized components [1].
In the Astrophysical experiment SPOrt (Sky Polarization Observatory) onboard the International Space Station (ISS)
[2], the instrumentation will consist of four correlation radiometers. In the past, the correlation process was performed
after a down conversion by using a local oscillator [3]. Apart from stability problems, this is possible only for narrow
band investigations. In the SPOrt project the bandwidths are of 10% centered at 22, 32, 60 and 90 GHz. Obviously, the
absolute bandwidths are so large that it is not possible to process the signals at lower frequencies, hence the correlation
must be performed at the antenna frequency. The polarized emission will be detected by simultaneously measuring the
Q and U Stokes parameters, corresponding to:

Q0 = |Ef—|E] and U = 2R{E[E;} (1)

These parameters will be detected by means of correlation units (HPD) whose input signals come from an antenna
with double circular polarization [2]. The antenna system consists of a corrugated horn, a polarizer which converts the
circular polarizations into the linear ones and an ortho-mode transducer (OMT), which separates the two polarizations.
Hence the two outputs of the OMT, under ideal conditions, are:

A = % (E+jEy) and B = % (Ey— jEy) )
The correlation product between the two signals A and B yields the Q and U Stokes parameters of the polarized
emission: q 1

AB* = 5 (IEf* = |Ey +2/R{EES}) = 5(0+ JU) 3)

This paper deals with a new configuration of waveguide Hybrid Phase Discriminator which yields at its four output
ports the sum and the difference in phase and quadrature of the two input signals. The analog operations are performed
at the antenna frequency by means of 3 dB directional couplers and phase shifters. Moreover, two input waveguide
filters for the definition of the operative band, and two additional directional couplers for monitoring the total power
of the emission are integrated in the HPD. The configuration of this device extends over five levels using E-plane and
H-plane discontinuities to form the various components. In this way, a very compact configuration has been obtained
which was called FL - HPD (Five Level Hybrid Phase Discriminators, patent pending)
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HYBRID PHASE DISCRIMINATORS

The scheme of the correlation units (HPD) used in the radiometers is shown in Fig. 1. The two input signals A and B,
attributed to the double circular polarization, are filtered by the two 13 cavity waveguide filters (Fa and F'b), which
present a high rejection in the stop band with the purpose of defining the measuring band. Subsequently a fraction
of the two signals is drawn off by two 3 dB directional couplers (Hya and Hyb) and is detected by two diodes with
quadratic characteristic, to monitor the signal level in the two channels. The remaining fractions (A¢ and By) are
divided into identical parts along two branches. For this operation, two 3 dB directional couplers (Hyl and Hy2) are
used instead of two power splitters because a high level of decoupling between the two branches is required. These
are the first components of the correlation block. In the upper branch the signals A and By are combined by the 3 dB
coupler Hy3 to produce the output signals C3 and C4, proportional to A + jB and A — jB, respectively. In the lower
branch, before the combination performed by the 3 dB coupler Hy4, the signal B> undergoes a 90°phase shift with
respect to the signal A2. In this way, the output signals C; and C; are proportional to A — B and A + B, respectively. The
detection of the signals C, with k = 1, - - -, 4, by quadratic characteristic diodes and the subsequent difference by means
of two differential amplifiers yields the real and imaginary parts of the average of the correlation product < AB* >. The
real and imaginary parts of < AB* > correspond to the Q and U Stokes parameters of a linearly polarized radiation,
respectively.

0=1<|A+B?—|A-B]*>

@)
U=1<|A+jB*—|A—jB|*>

In (4) the quantities |A|> and |B|? are eliminated by cancellation. Moreover, the level of these two quantities is
practically defined by the non polarized component, which can be 40-60 dB higher than the polarized one. Hence, the
device must present a very high rejection for the auto-correlation terms. This can be obtained by imposing very severe
specification to the various components, even if the admitted error for the detection of the Stokes parameters can be
within 10%. The problem was attacked from two sides: first, the development of specialized synthesis and analysis
techniques able to guarantee a high level of accuracy in such a way that experimental tuning is not necessary. Second,
the study of a compact configuration particularly robust with respect to the mechanical uncertainties.

CONFIGURATION OF THE FL-HPD

The device was designed in rectangular waveguide. The dimensions of the internal waveguides are chosen in order
to minimize the dispersion effects of the directional couplers within the corresponding operative bands. By means
of appropriate waveguide transitions, integrated in the device, the external connections use standard rectangular
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FIGURE 1. Scheme of the HPD where the two input filters and the two directional couplers for monitoring the total power are
integrated.
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waveguides: WR42 for K-band (22GHz), WR28 for Ka-band (32 GHz), WR15 for Q-band (60 GHz) and WR10
for W-band (90 GHz).

The direct implementation of the circuit scheme of Fig. 1 involves a cross-like geometrical configuration, which
requires volume for the K-band realization, and with accuracy problems especially for the higher bands. It is important
to define a geometrical configuration whose manufacturing process can be done in a unique phase, by avoiding
movements of the sample during the manufacturing. In this way, positioning errors are eliminated. Moreover, within
the limits of the mechanical uncertainties, it is important to guarantee a high level of symmetry in order to obtain a
high rejection for the non polarized radiation. The selected configuration, called FL-HPD (Five Level Hybrid Phase
Discriminator) is a sandwich structure, closed by two covers where the input and output standard flanges are placed
[6]. The waveguides are obtained within two plates of constant thickness separated by a 0.1 mm thick layer placed in
the middle of the device (the thickness of this layer is the same for all the bands). The directional couplers are obtained
by coupling two parallel waveguide lengths by means of H-plane rectangular apertures realized on the central layer.
The phase shifter consists of a cascade of H-plane stubs obtained by rectangular holes on the adjacent waveguide
plate. In order to maintain a high level of integration, the two 13 cavity waveguide filters are obtained by a cascade of
E-plane discontinuities. All components form a snake-like geometry which expands over five levels in the E-plane. All
the mechanical parts present only through holes, hence they can be manufactured by wire electric discharge machines.
Moreover, apart from a 180° rotation, the two waveguide plates are identical and can be manufactured at the same
time by overlapping the two pieces. The matched loads of the directional couplers are inside the FL-HPD and are
made of ECOSORB MF-190 material. Two kinds of matched transitions are present in the device: L-shaped junctions,
to obtain the eight lateral input/output ports in standard waveguide; C-shaped junctions to connect different levels in
the waveguide plates. With reference to Fig. 1, the shaded arrows correspond to the L-shaped junctions, whereas the
dashed arrows are related to the C-shaped junctions. The white ones represent direct connections. All the devices were
designed and analyzed with the methods used in [6].

Q-U COMPENSATION TECHNIQUE AND RESULTS

Based on the previously described architecture, a prototype of the complete HPD in the Ka-band was designed and
manufactured. The § port-device was characterized by measuring its scattering parameters. In Fig. 2 the reflection and
transmission scattering coefficients are reported. In order to evaluate the performance of the FL-HPD the measurements
of the scattering parameters were elaborated to obtain the transfer functions which yield the Stokes parameters. If an
ideal behavior of the diodes and of the differential amplifiers is assumed, it is possible to define a spectral distribution
of the Stokes parameters whose integration yields the relevant data. To this end, one can consider the quantities:

Ci = [SkaA + SwB|* with k = 1,2,3,4 )

where, with reference to Fig. 1, Sy, and Sy, are the scattering parameters of the FL-HPD. By subtracting C; from C>
and C4 from C3, one obtains:

2 2 * 2
G| -llehoiah [-a [ 30e e e ®
where - -

w=[ g ] we =[] g

Moreover, the real elements of matrices H and T are defined in terms of the scattering parameters of the device:
Hyy = 2R{S2S5 — S1457p} 8)
Hqu = _23{5205&7 - SlaSTb} (9)
Hy = 2R{S3.53, — S4aSh} (10)
H,, = —23{5305§b — S4aSﬁb} (11)
Toa = |S2al*—IS1al” (12)
Ty = |Sw* = ISul* (13)
Tuw = |S3l* = IS4’ (14)
T = |Swl*—ISsl* (15)
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FIGURE 2. Measured reflection and transmission scattering coefficients of the Ka-band FL-HPD.

The eight transfer functions defined by the previous equations are shown in Fig. 3. In the case of a linearly polarized
emission, the cross product AB* can be written as:

1 1
AB" = 3 |E[ exp(2j0) = 5(Q+ jU) (16)

where E is the spectral distribution of the electric field of the emission and 0 is the angle with respect to a principal
direction of the polarizer. In the Q-U real plane this polarization is described by the vector:

P= %|E|2[cos(29)ci +sin(20)] (17)

where ¢ and # are the unit vectors of the Cartesian reference system in the Q-U plane. It describes a circle, when the
polarization angle 6 ranges from O to 7. This circle is transformed into a rotated ellipse by the real matrix H. As far as
the auto correlation terms |A|? and |B|* are concerned, they produce a shift of the ellipse in the measured Q-U plane.
However, the HPD presents a rejection of the auto correlation terms of about 30 dB, which can be further improved
by adopting lock-in techniques. Once the measured Stokes parameters are obtained, equation (6) can be inverted in
order to obtain the Stokes parameters of the sky polarized components. To this end, the evaluation of the matrices
H and T and of the auto correlation terms is necessary. This can be accomplished by adopting the online calibration
[Trocelere described in [5]. Moreover, one can introduce a ratio between the two conversion factors Q,,/Q and Uy, /U,
which accounts for the different level of losses between the two channels Q and U. Using a fasorial representation
with respect to the variable 6, the vector P can be expressed as:

P = R{Pe/*} (18)
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FIGURE 3. Transfer functions corresponding to the evaluation of the Q and U Stokes parameters obtained from the measurements
of the Ka-band FL-HPD prototype.

where 2 is a complex vector
1 SR
2 =S |EP*(@q— ji) (19)

According to this notation, the measured Stokes parameters are described by the vector By,:

1 . N . R
& = B |E|2[(qu - ./Hqu)q + (Huq - .]Huu)u] (20)
which can be written as 1
B = S |EP[Hq + Hil @1)
where
% = qu - qull and % = Huq — JHyu (22)

are complex quantities. In order to equalize the two channels Q,, and U,, it is convenient to introduce the two
amplification factors D, and D,, so that eq. (21) is transformed into:

.
By = 5 |EP[HDgd+ HiDudl] (23)

Since the amplification factors are applied to the detected D.C. signals, the functions #; and #, have to be thought
as their averages. Projecting B, onto the orthogonal basis 2 and | = ¥ x P (¥ is the unit vector perpendicular to the
Q-U plane):

~ « 1 . T * 1 :
p|=Bn P = Z|E|4[Dq}41+JDH}£4] and p, =% P, = Z|E|4[Dqﬂ;1 — jDuH,] (24)

and enforcing p|| = L|E|* and p; = 0 one obtains:

1 1 1 1
D, =—=——— and D, = N =~ P
q j—@ |_']-@| /% “ j,’l-[l; J|}l;l| eJ0u

With these two complex amplification factors, the elliptical deformation would be completely recovered. However
D, and D, must be real, a part from a common phase ¢ = (9, + ¢,)/2, which represents the offset of the detection.
Hence, enforcing these conditions:

(25)

1 1
Dq = |E|€ e and Du = |E|€ e (26)
2
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FIGURE 4. Detection error as a function of the polarization angle for a linearly polarized radiation. The angle is detected with
an error less the 0.28 degrees. As for the amplitude, the maximum error is 0.04 dB.

the projections (24) become:
1 . . 1 1 ; iy ] .
pi =B+ e = SIEFeos(a)  and  py=lEP(et - = SIEFsin(a) @)

where A = (¢, — 9,)/2. By these projections it is possible to evaluate the axial ratio of the ellipse, which defines the
maximum error (1 +tanA)/(1 —tanA). Finally, in order to recover the right level of the Q and U Stokes parameters,
the factors D, and D,, are divided by cos(A). By applying these amplification factors to the measured data of Fig. 3,
the detection error of the linearly polarized radiation is reduced from 0.17 dB to a value better than 0.04 dB for the
amplitude, whereas for the direction the error of 1.14 deg decreases to 0.28 deg. Fig. 4 shows the amplitude and phase
error as a function of the polarization angle when the compensation is applied.
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