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Abstract—A new direct-conversion wide-band (26–28.5 GHz)
six-port receiver is proposed for mass-market wireless communi-
cations. This six-port receiver is designed to operate without the
need for precise power reading and the use of a digital signal pro-
cessor that is usually required in other receivers. The proposed re-
ceiver architecture is chosen to satisfy requirements of hardware
receivers used in high-speed QPSK communications. The receiver
contains a receiver front-end, QPSK demodulator, and carrier re-
covery module. A reverse modulation loop was used to provide a
rapid carrier recovery. The maximum bit rate is determined solely
by the limiting speed of the baseband module. This new hardware
receiver is proposed as a robust, rugged, low-cost receiver for use in
wide -band wireless mass-market QPSK communications such
as local multipoint distribution system services, which is a prime
example of communication equipment requiring such receivers.
Bit-error-rate results are presented versus the noise and reference
signal phase shift.

Index Terms—Carrier recovery, direct conversion,
monolithic-microwave integrated-circuit (MMIC) technology,
QPSK modulation, six-port junction.

I. INTRODUCTION

D IRECT-CONVERSION receivers offer unique advantages
for wireless communications by reducing circuit com-

plexity and allowing a higher level of circuit integration than the
traditional heterodyne receivers [1]. Six-port direct-conversion
receivers have been proposed [2]–[4] as multimode or software
receivers operated with the digital signal processor (DSP)
programmed for a number of modulation schemes.

This paper presents recent results obtained on a new
six-port-based hardware-type direct digital receiver designed
for high-speed QPSK communications. The proposed mil-
limeter-wave approach is also useful in the design of other
hardware receivers at lower or higher operating frequencies
using either discrete [3] or distributed parameter [2], [4]
six-port circuits.

The excellent results obtained with a distributed parameters
six-port junction [5]–[7] had a determining role to provide a
monolithic-microwave integrated-circuit (MMIC) implementa-
tion of this direct digital-receiver architecture.

A carrier recovery module based on a reverse modulation
loop (RML) is proposed and demodulation results are obtained
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Fig. 1. Ka-band direct digital-receiver architecture.

in presence of an important Doppler effect. Therefore, this new
receiver presents a viable low-cost alternative for mobile termi-
nals.

II. RECEIVERARCHITECTURE ANDOPERATINGPRINCIPLE

Fig. 1 shows the hardware receiver architecture composed by
a low-noise amplifier (LNA), a QPSK demodulator, and a car-
rier recovery module. The QPSK demodulator contain two mod-
ules, i.e., a six-port module and a baseband module designed to
provide output-demodulated signals (and ) using the four
output signals of the six-port module [5].

The RML [8] provides a rapid carrier recovery from the
QPSK modulation at millimeter-wave frequencies. The pro-
posed RML generates the reference signal using a phase shifter
controlled by output-demodulated signals and avoids the need
of a phase-locked loop (PLL) with a local oscillator (LO). In
this design platform, analog signal processing allows very high
data rates (up to 60 Mb/s for a bit error rate (BER) less than
10 ) and no DSP is needed for demodulation.

Fig. 2 gives the topology of the six-port module. The six-port
junction is specially designed to demodulate a QPSK signal
using three 90hybrid couplers and a Wilkinson power divider.
The relative power reading of the output signals gives sufficient
information to determine the phase shift between the RF inputs,
thereby realizing a QPSK demodulator [5].

III. MHMIC S IX-PORT MODULE

The monolithic hybrid microwave integrated circuit
(MHMIC) six-port module is fabricated on a 250-m ceramic
substrate with a relative permittivity of 9.9. The MHMIC
layout is presented in Fig. 3. The distributed parameter six-port
junction, composed of three compact 90hybrid couplers and a
Wilkinson power divider, is placed in the middle of the circuit
layout. The surface-mounted RF Schottky diodes and related
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Fig. 2. Block diagram of a six-port module.

Fig. 3. MHMIC six-port module (size 23� 23 mm).

wide-band matching circuit networks are connected to the
six-port junction’s outputs [5].

Fig. 4 shows an excellent match at the RF inputs and an excel-
lent isolation between inputs ( ) in the operating frequency
band for the MHMIC six-port module. Therefore, the influence
of dc offsets in the demodulating process is minimized.

Other simulated and measured-parameters of this six-port
junction were presented in [5]. The measured reflection coeffi-
cients to are less than 24 dB and the isolation between
the LNA and LO ports, i.e., , is found to be at least 27 dB.
The transmission coefficients are close to the theoretical pre-
dicted value of 6 dB.

IV. MMIC SIX-PORT MODULE

The MMIC six-port module is fabricated on a 100-m
TriQuint Semiconductor GaAs substrate with a relative
permittivity of 12.9. We have analyzed three different imple-
mentations for the 90hybrid coupler in the frequency range of
24–30 GHz: with distributed elements, discrete elements, and a

Fig. 4. Return loss and isolation at RF input ports for the MHMIC six-port
module.

Fig. 5. Distributed parameter MMIC six-port module (size 4� 4 mm).

combination of both schemes. The distributed element imple-
mentation yields a large size (1.39 mm), but it has excellent

-parameter performances. The discrete element coupler has a
very small size, but the tolerances of its fabrication process over
this frequency range lead to poor-parameter performances.
The hybrid implementation using high-impedance transmission
lines and capacities leads to very good-parameter perfor-
mances.

Fig. 5 shows the RF topology of a wide-band millimeter-wave
MMIC distributed parameter six-port junction with integrated
RF Schottky diodes (marked by arrows) and their matching net-
works using 50- transmission lines. The circuit is realized in a
100- m GaAs substrate and its size is approximately 44 mm.

In order to reduce the size of the MMIC circuit, a new
approach is proposed. The couplers are realized with
high-impedance transmission lines and discrete elements
(shunt capacitors of 200-fF value, loaded near the ports of the
hybrid couplers). Thus, the diameter of this coupler becomes
600 m compared with 1330 m in the first realization. The
same Schottky diode is used in the second six-port circuit. The
RF Schottky diode matching networks are also realized using
the shunt capacitors and high-impedance transmission lines.
Fig. 6 shows the RF topology of this new circuit. The size of
this circuit is reduced to 2 3 mm, which is approximately
37% of the first six-port’s size.

In order to characterize the MMIC six-port junction, a study
of its -parameters was made. The magnitude and phase of the
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Fig. 6. Hybrid implementation (distributed and discrete elements) of the
MMIC six-port module (size 2� 3 mm).

Fig. 7. Magnitude of the transmissionS-parameters (LO to outputs).

Fig. 8. Magnitude of the transmissionS-parameters (RF to outputs).

-parameters versus frequency are close to the predicted values.
The results of both implementations, given in Figs. 5 and 6,
are practically similar. In the operating band, the magnitudes
of -parameters are close to the theoretical predicted values of

6 dB (Figs. 7 and 8) and the phase shifts between the trans-
mission parameters are multiples of 90over a wide frequency
band (6 GHz), as shown in Figs. 9 and 10.

Fig. 11 shows an excellent match at the RF inputs and
an excellent isolation between inputs in the operating
frequency band for the MMIC six-port module (including the
Schottky diodes). Therefore, one can draw the same conclusion
as for the MHMIC circuit, i.e., the influence of dc offsets in the
demodulating process is minimized.

The RF design of the six-port junction is such that only one
of four possible modulation states is correctly identified, at
any given time, by an analogue decoder (baseband module).

Fig. 9. Phase of the transmissionS-parameters (LO to outputs).

Fig. 10. Phase of the transmissionS-parameters (RF to outputs).

Fig. 11. Return loss and isolation at RF input ports.

Harmonic-balance simulation of the MMIC six-port module
is shown in Fig. 12. The LO and RF input power levels are
both set at 3 dBm. Waveforms displayed in Fig. 12 indicate
that each output voltage of the six-port junction has a single
maximum value over a 360phase shift between the RF input
and LO signal. This means that have
a maximum value for 0, 90 , 180 , and 270 phase shift,
respectively, between the input and LO signals.

V. BASEBAND MODULE

The baseband module (see Fig. 1), composed of video am-
plifiers, low-pass filters, and an and decoder, provides the
output-demodulated signal.

Fig. 13 shows the block diagram of theand decoder com-
posed of high-speed comparators and a 4–2-bit encoder. The
four input voltages are , where is the gain of video am-
plifiers. To obtain an extended dynamic range for the receiver,
the decoder uses a relative comparison between signals
[5]. A dynamic threshold (e.g., proportional with the average
value of ) is more suitable in the case of the MMIC six-port
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Fig. 12. Output voltages of the MMIC six-port module versus the phase shift
of the input signals.

Fig. 13. Block diagram of anI andQ decoder.

TABLE I
ENCODERLOGICAL TABLE

versions, where the maximum value of each is very well
marked versus the phase shift, but the minimum value is flat
(Fig. 12). Therefore, if the RF signal level changes, the mag-
nitude of signals also changes and the dynamic threshold
“updates” its value.

Table I shows the output and bit values of the encoder.
The output demodulated signals versus the phase shift between
RF input and LO signals, as shown in Fig. 14, confirm the op-
erating principle of the receiver. The four states of the output
signals are obtained during a 360phase shift
of input signal.

VI. CARRIER RECOVERY MODULE

The carrier recovery module uses the input QPSK and the de-
modulated signals to provides the reference signal for the QPSK
demodulator.

Fig. 14. I andQ output signals of the baseband module versus the phase shift
of the input signals.

Fig. 15. (a) RF input phases. (b)–(e) RelatedI andQ waveforms.

In a QPSK modulated signal, four possible states of the input
signal phase are possible [e.g., and for the QPSK
input phase represented in Fig. 15(a)]. In the RML process, a
controlled phase shifter was used to obtain the carrier recovery
signal (see Fig. 1). A 90multiple phase shift was added to the
QPSK input signal to cancel the original modulation. A time
delay (in our case, s) was used to compensate the
signal delay via the QPSK demodulator. A second phase shifter,
i.e., in Fig. 1, is capable of adjusting the appropriate reference
phase for the carrier recovery signal [45in Fig. 15(a)].

Fig. 16 shows the simulated results of the recovered carrier
spectrum. It is seen that the signal level of the carrier is 30 dB
above other spectral lines.

The reference signal level follows the input carrier level be-
cause a RML technique was used. Therefore, the dynamic range
of the receiver increases, compared to the case of a fixed refer-
ence signal level, where a 40-dB dynamic range was mea-
sured [5].
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Fig. 16. QPSK and carrier recovery simulated spectrum at 27 GHz and 4-Mb/s
bit rate.

Fig. 17. Phases of carrier recovery signal and QPSK modulated signal with
�250-kHz Doppler frequency shift on carrier at 4 Mb/s.

In conclusion, using the RML technique and a dynamic
threshold to compare the , a very large dynamic range
(over 60 dB) was obtained for a BER less than 10.

VII. D EMODULATION RESULTS

Simulations were performed, with an ideal model of the con-
trolled phase shifter and our tested model [5] of the QPSK de-
modulator, using Advanced Design Software (ADS) of Agilent
Technologies, Palo Alto, CA. Results given in Figs. 15 and 17
support the new receiver architecture with RML.

Fig. 15(a) shows the simulated phase of the pseudorandom
QPSK modulated signal and the phase of its carrier-recovered
signal. It is seen that “glitches” occur in the phase of recovered
carrier each time the phase state of the carrier signal is changed.
However, Fig. 15(b)–(e) shows that the receiver is insensitive
to “glitches.” Simulation results given in Figs. 15(b)–(e) also
illustrates accuracy of recovered data for a pseudorandom bit
sequence.

Fig. 17 shows the phases of the carrier recovery and QPSK
modulated signals with 250-kHz Doppler frequency shift on
a carrier at a 4-Mb/s bit rate (corresponding to a relative speed
up to 10 000 km/h for a 27-GHz carrier). It is seen that the car-
rier recovery signal follows the carrier of the QPSK modulated

Fig. 18. Block diagram of BER simulation test bench.

Fig. 19. Measured BER for the phase errors from synchronism at 27 GHz.

signal in spite of the Doppler frequency shift. Therefore, the
mobile applications at high bit rates of this new receiver are very
promising.

Fig. 18 shows the block diagram of a BER simulation test
bench. A pseudorandom bit sequence (and ) is gener-
ated using BER transmitter equipment, and a QPSK modulated
signal is obtained with a vector modulator. The propagation path
is simulated and the input RF modulated signal is processed
in the proposed –band direct digital receiver. The input and
output waveforms were presented in Figs. 15 and 17. The BER
receiver equipment evaluates the and signals and
counts the errors. The measurement test bench was presented
in [5] and was used with a coherent carrier at 27 GHz. A con-
trolled phase shifter is presently in design to complete the carrier
recovery module. For BER measurements with a coherent car-
rier, the LO power was set to20 dBm. For BER simulations,
the same power level of the carrier recovery signal was obtained
(see RML simulations in Fig. 16) and used in the demodulating
process. For BER measurements and simulations, the bit rate
was set at 20 Mb/s.

Fig. 19 shows the measured BER with a coherent carrier,
versus phase error from synchronism (MHMIC design), and it
is seen that, for a shift error less than 20, the BER curve is
identical with the theoretical one for the QPSK modulation [see
Fig. 19(a)]. If the phase error rises, the BER rises rapidly, as
seen in Fig. 19(b) and (c).

Fig. 20 shows the BER simulations obtained with a MMIC
six-port using an RML carrier recovery circuit over the oper-
ating band (26–28.5 GHz) and the results on measurements
obtained with a MHMIC six-port using a coherent carrier
at 27 GHz. The simulated BER curve is identical with the
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Fig. 20. BER simulation and measurement results versus Eb/No over the
operating band.

theoretical one, as expected, because important phase errors can
be tolerated with a QPSK six-port demodulator (see Fig. 19).

In the presence of a Doppler effect, as seen in Fig. 17, the
same simulated BER results were obtained for a bit rate up to
4 Mb/s. The bit rate can be increased (at least 60 Mb/s) for a
Doppler frequency shift on a carrier less than 10 kHz (corre-
sponding to a relative speed up to 400 km/h for a 27-GHz car-
rier). The bit error occurs when the carrier phase shift exceed
45 during a bit length, therefore, the maximum bit rate is re-
lated to relative speed for mobile applications.

Both simulated and experimental results indicate a wide-band
capacity for such receivers and confirm a very good agreement
between simulations and measurements.

VIII. C ONCLUSION

A new direct-conversion hardware receiver based on six-port
technology has been presented. The six-port circuit of this re-
ceiver was integrated in MHMIC technology in our own lab-
oratory and in 0.25-m GaAs pseudomorphic high electron-
mobility transistor (pHEMT) technology at TriQuint Semicon-
ductor, Richardson, TX.

The BER results are comparable to a standard direct-conver-
sion receiver [9] and the proposed concept is verified by mea-
surements and simulations based on an integrated circuit proto-
type. The simulations obtained with an analog carrier recovery
module based on the RML technique were also presented. New
results on the RML technique, obtained in our laboratory, have
been published [10].

This new direct digital receiver presents a viable alternative
for mobile terminals. It is shown that the new circuit can effec-
tively operate with a low LO power (20 dBm) in the presence
of an important Doppler effect.

The new direct-conversion receiver could be used in many
space and terrestrial applications such as: 1) broad-band satellite
communication; 2) point-to-point communications; 3) LMDS;
and 4) terminals for multimedia and the Internet, etc. This ap-
proach can also be used to obtain a low-cost hardware mil-
limeter-wave receiver designed for QPSK modulation in a high-
speed satellite Internet.
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