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Six-port QPSK demodulator for optimal
K-band multiport amplifier calibration

Han Lim Lee, Seong-Mo Moon, Moon-Que Lee and
Jong Won Yu

A wideband six-port-based demodulator is proposed and applied as a
quadrature phase shift keying (QPSK) demodulator for optimal
K-band multiport amplifier (MPA) calibration circuitry. The proposed
six-port demodulator adopts wideband ring hybrids for optimal 180°
phase balance in local oscillator signal paths. In addition, a voltage-
controlled reflection-type phase shifter and an attenuator are integrated
into the six-port structure to ensure accurate magnitude and phase
balance over broadband operation, resulting in optimal phase and
amplitude error detection for the MPA system. To verify the proposed
structure, RF demodulation of the K-band QPSK modulated signal was
demonstrated for purpose of MPA calibration.

Introduction: Although the multiport amplifier (MPA) has become an
attractive solution due to its advantages of power flexibility and lower
DC power consumption compared to conventional amplification structures
[1], different electrical characteristics in each signal path of the MPA can
cause poor isolation among channels, resulting in degradation of the
system performance. Thus, several calibration techniques have been pro-
posed to achieve high port-to-port isolation [2, 3] and the most up-to-date
calibration technique was introduced in [3]. The calibration technique in
[3] detects amplitude and phase errors distinctively, and then performs
calibration through axial ratio comparisons. That is, a high-performance
quadrature phase shift keying (QPSK) demodulator that can precisely
reproduce the amplitude and phase errors from RF signal paths into base-
band signals for optimal error correction is required.
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Fig. 1 Schematic of proposed six-port-based demodulator for optimal
K-band MPA calibration
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Fig. 2 Comparison of simulated wideband and conventional ring hybrid

Design and analysis: Fig. 1 shows the proposed wideband six-port
QPSK demodulator which ensures no additional amplitude and phase
imbalances that can corrupt the original amplitude and phase errors of
MPA signal paths. To optimally correct MPA signal path errors, the
local oscillator (OL) signal paths of the QPSK demodulator must be
accurately balanced such that each ring hybrid should operate as an
ideal binary phase shift keying (BPSK) demodulator. For K-band oper-
ation (19.5-22.5 GHz), wideband ring hybrids, voltage-controlled phase
shifters and attenuators are adopted for optimal QPSK signal balance,
resulting in optimal correction of MPA signal path errors. Compared
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to the conventional ring hybrid, the wideband ring hybrid modified
from [4] has excellent magnitude and phase balances in the operation
band as shown in Fig. 2.

The modulated RF signal and the LO signals to be sampled from
MPA signal paths are defined as

VRF(t) = 2ARF COS(Zﬂprt + ¢(t)) (1)
Vio(t) = Aro cos(2mfiof) @)

where ¢(¢) implies phase modulation. Then, S; and S, represent the
sampled signals including amplitude and phase errors from MPA
signal paths as follows:

S1() = a4 Aro cosRfiot + 04) 3)
S2(f) = ap ALo cosnfiot + /2 + Op) “)

where o, 5 and 6, 5 indicate the amplitude and phase errors of MPA
signal paths. Since the proposed six-port architecture has a voltage-
controlled phase shifter and attenuator, control voltage dependent ampli-
tude and phase variation factors, oy, n(v) and 6y, n(v), are added as
shown in (5) and (6)

Vsi(t) = (a4 + ay(v)ALo cosafiot + 04 + Oy (V) %)
Vsa(t) = (ap + ay(v))ALo cosQafiot + /2 + O + On(v))  (6)

For the conventional six-port architecture, o, 5(v) and 8, x(v) would be
0. After the RF signal and LO signals are mixed through a Wilkinson
divider and wideband ring hybrids, the signals can be expressed as
follows:

(#) = (ag + ap(v) + ay)ALo cos LafLot + 64
+ 0y (v) + 0;) + BArr cos 27fret + D(1)) @

Va(0) = (aq + am(v) + a2)Adro cos 2afiot + 04
+ 0y (v) + 0; + A6;) + BArr cos Qafret + $(1))  (8)

V3(t) = (ag + an(v) + a3)ALo cos Rafiot + 7/2 + 6 + Oy(v) + OJ)
+ BArr cos 2mfrrt + (1)) )

Va(t) = (ap + ay(v) + ag)dLo cos 2afiot + m/2 + Op + Oy(v) + 6;
+ A6)) + BArr cos 2afret + H(t)) (10)

where a; » 3 4 denotes the additional loss by the wideband ring hybrid. 6;
and 6, denote the relative phases at one output port of each upper and
lower ring hybrid, respectively. In addition, /\6; and /\6; denote the
relative phase balances between two output ports of each upper and
lower ring hybrid, respectively. Lastly, 3 indicates the amplitude attenu-
ation in the RF signal by the six-port-based architecture and is assumed
to be constant since the signal is divided equally over the operation
band. By adopting the wideband ring hybrid whose electrical perform-
ance is described in Fig. 2, a; = o = ay, o3 = a4 = o and
/A\6;=/\;=r can be achieved in the operation band. In addition,
since the voltage-controlled attenuator and phase shifter are added,
ay(v)tay=ap(v)+aL = a and Oy (v)+6;=60)(v)+6,=6 can be
achieved by properly adjusting the control voltages of the attenuators
and phase shifters. That is, optimal demodulator operation for the
K-band MPA calibration process can be obtained by ensuring the accu-
rate amplitude and phase errors, a4, ap, 64 and 6. After the wideband
six-port-based structure is fine-tuned by the phase shifter and attenuator,
(7)—~(10) can be simplified as below

Vi(|g_ » = (a1 + @) 4o cosQmfiof + 64 + bk)

+ BArr cos 2afret + G(1)) an
VK([)|K:3,4 = (ap + a)AL0 cosafLot + 64 + k)
~+ BArr cos 2nfret + ¢(1)) (12)

where relative phases are 6, =0, 6, =, 03 =7/2 and 64 =37/2. Then, by
diode detectors, V() /x = 1,2 signals are converted as follows:

Dx(t)] k1.2 = Kl(au + @)dio cos Qafiot + 64 + 6k)

+ Bdrr cos 2mfrrt + GO 13)
By lowpass filtering (13) and applying frr =fLo for direction conver-
sion, (14) and (15) can be achieved. Similarly, (16) and (17) can be
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derived from Vi(f)|x = 3.4

K(ay + a)’4? KB*A2

10y = AT o | KP e
+ K(as + @)BALoArr c0s(0 — (64 + ¢(2)) (14)
K(as + a) 43, Kp*4>

Yz(t)}(,zﬂ,: A 5 LO+ 5 RF

+ K(as + a)BAroArr cos(m — (04 + ¢(1)) (15)

K(ag 4+ a2y KB Ap
Y3(t)|63=7r/2 = 2 + 2

+ K(ap + a)BALoARr cos(m/2 — (6 + (1)) (16)

K(ag + )42y KB4
Y4(t)|94=3ﬂ/2 = 5 T

+ K(ap + a)BALoArr cos(3m/2 — (0 + (1)) (17)

Using instrumental amplifiers to eliminate DC-offsets, / and Q signals
can finally be obtained as follows:

Xi(t) = Y1(t) — Ya(t) = 2 K(ay + a)BALoARF cos (04 + P(1))  (18)

XQ([) = Y3(t) — Y4(t) = 2 K(ap + a)BALoAre sin (0 + ¢(1))  (19)

According to (18) and (19), the relative amplitude and phase imbalance
among the signal paths of the MPA, |, — o3| and |6, — 65/, can be accu-
rately compared, resulting in optimal amplitude and phase calibration in
the MPA.

Measurement results: For the proposed demodulator, wideband ring
hybrids, phase shifters and attenuators were implemented by monolithic
microwave integrated circuit in the 0.15 um GaAs low noise high-elec-
tion-mobility transistor [pHEMT] process. The measured maximum
phase shift of 80° and the insertion loss variation <+0.1 dB were
obtained by the phase shifter in the operation band. The attenuator
also showed the measured maximum attenuation of 7 dB and a phase
variation of <= 1°. Fig. 3 shows the implemented K-band six-port-
based QPSK demodulator for the MPA calibration. To verify the pro-
posed structure, the pseudorandom QPSK data stream with 10 Mbit/s
data rate for RF was applied using a vector signal generator where
high data rate was not necessary for purpose of calibration. In addition,
continuous-wave signals for LO were applied using a high-frequency
signal generator through a K-band waveguide branch-line coupler for
90° phase difference. Then, the demodulated signals were directly ana-
lysed using a mixed signal oscilloscope. Finally, the successful demodu-
lation performance of the proposed structure at 21 GHz is shown in
Fig. 3.
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Fig. 3 Measured results for proposed six-port-based demodulator

Conclusion: A wideband six-port-based QPSK demodulator for
optimal K-band MPA calibration is proposed. For optimal amplitude
and phase error correction of the most up-to-date MPA calibration [3],
a high-performance QPSK demodulator is necessary in order to accu-
rately retrieve amplitude and phase error information in the baseband.
Since wideband ring hybrids, tunable phase shifters and attenuators
are integrated as a six-port demodulator, the proposed architecture can
be optimally used for K-band MPA calibration.
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