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Abstract—A new direct-conversion wide-band (23-31 GHz) MULTI CHIP MODULE
six-port receiver is proposed suitable for millimeter-wave inte- RE  VIDEO
grated system design. This new hardware receiver is found to DIODES  AMPLIF
be robust, rugged, low cost, and suitable for use in broad-band | ]
wireless mass-market QPSK communications. The prototype ‘S’iﬁ ax

LPF DECODER

circuits are fabricated to validate this new concept with our

miniaturized hybrid microwave integrated-circuit technology and

the proposed receiver topology is also suitable for monolithic-mi- ‘AGC
crowave integrated-circuit fabrication. This application-specific

integrated receiver is designed on the basis of a wide-band six-port

junction and other analogical circuits in the form of a simple SELECT
multichip module. Bit-error-rate measurements and simulation VO [ cuanneL
results are shown and discussed in the presence of noise, adjacent

signal interference, local-oscillator (LO) phase shift, and LO Fig 1. Complete diagram of the proposed receiver architecture.
phase noise. The maximum bit rate is fundamentally limited by

the speed of the video and decoder circuits. Nevertheless, several . . ) o
hundred megabits per second can be achieved at low cost. proach is useful in the design of other similar hardware re-

ceivers at higher or lower operating frequencies (microwaves
and sub-millimeter waves) using either discrete element [3], [5]
or distributed parameter [2], [4] six-ports. This six-port receiver
is designed to operate without the need for precise power read-
|. INTRODUCTION ings and also without a DSP, as required in the design of pre-

T IS WIDELY recognized that direct conversion receiver¥ious six-port receivers. The new receiver contains one multi-

offer unique advantages in wireless communications by rgliP module (MCM) consisting of a wide-band six-port junc-
ducing circuit complexity and allowing a higher level of circuit!O: four RF detectors (based on Schottky diodes), video am-

integration than conventional heterodyne receivers [1]. Six-pdHi1ers, and one& @ decoder. The proposed receiver architec-

direct conversion receivers have been proposed [2]-[5] as muﬁH[e is to satisfy the requwemen.ts of hardware receivers .used in

mode or software receivers operating with digital signal proced9n-speed QPSK communications. RF and demodulation test

sors (DSPs) programmed for a number of modulation schemigsults in the presence of noise, adjacent cha_nnel interference,
The idea of using a six-port structure to determinate the ph42&2!-oscillator (LO) phase shift, and phase noise are presented

of a microwave signal was first presented in 1964 by Cohn aﬁadata rates of 40 Mb/s._ In this implementation, the maximum

Weinhouse [6]. A six-port can be considered as a black b&¥ rate is 58 Mb/s for a bit error rate (BER) less thaz — 6.

with two inputs and four outputs. The output ports are termi-

nated with power detectors. Characteristic relation or correla-!l. RECEIVERARCHITECTURE AND OPERATING PRINCIPLE

tion between two input signals (phase and amplitude) can berig. 1 describes the design diagrams of our hardware receiver
determined when the relation between the input and output pajghitecture with a number of circuits incorporated in an MCM
becomes known. The only requirements are that the six-port G-provide 1&Q data output channels directly from the received
cuitry is linear and that the outputs are nonlinearly dependedpsk signals. The principal part of this ASIC is a wide-band
on each other. The four unknowns can be obtained from a gt port junction with two input signals (input unknown QPSK
of characteristic equations. Those equations can be found V&fyhal and known voltage-controlled oscillator (VCO) signal)
accurately with a calibration procedure. Therefore, the six-pefhd four output signals. After a scalar detection using four
structure has been used in the design of network analyzers aBgb-bias Schottky diodes, the output signals are amplified and
other similar applications. A detailed analysis of the six-pothen filtered using video amplifiers and low-pass filters. An
structure can be found in [7]. analog decoder using a set of comparators provides the 1&Q

This paper presents recent results obtained on a new stput signals. The input QPSK signal may be going through a
port-based hardware-type receiver thatis designed with appliggw-noise amplifier (LNA) with automatic gain control (AGC),
tion-specific integrated circuits (ASICs) for QPSK-related comyepending on the application requirement and dynamic range
munication systems. The proposed millimeter-wave ASIC agf the signal.

The complete RF microstrip topology is shown in Fig. 2
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Fig. 2. Design layout of the six-port junction and matching networks for the

detector RF circuit.
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Fig. 3. Block presentation of active integrated LPFs, video amplifiers, and
analog decoder circuit used in the receiver.

TABLE |
MEASURED AND SIMULATED .5-PARAMETERS OF OUR DESIGNED 0.020
SIX-PORT JUNCTION AT 27 GHz X X . " . r X
0015 - - - - A - - - - - - P - -
S Parameters Simulations Measurements = 00104 - - LN Ll N NS L
[dB] [dB] T oo N N AN AN
S11 -389 -27.0 TS w2 S e K T ok
000 : ¥ : Y : L™ |
522 -31.2 =250 o0 0 45 90 135 180 225 270 315 360
S33 -28.8 -240 Phase Shift [deg]
S44 -30.9 -25.0
S55 -38.0 -27.0 Fig. 4. Qutputvoltage waveforms of the detectors versus the input signal/VCO
566 ~304 2250 phase shift.
S56 -335 -27.0 ) . . .
band. The six-port junction and matching networks for the de-
S51 - 63 - 64 . L . .
) ) 65 tection circuit can be readily designed for the new frequency and
53 6.4 6.5 bandwidth.
- = Fig. 3 shows electronic circuits used for the video amplifiers,
554 - 62 - 64 integrated active low-pass filters (LPFs) and analog decoder cir-
561 - 62 - 65 cuits. The active low-pass filters, which make use of an OPA
562 - 63 - 65 2658 current feedback operational amplifier, have a cutoff fre-
563 - 6.1 - 64 guency of 100 MHz corresponding to the maximum baseband
564 - 65 - 6.6 requirement for the QPSK test signals used. The analog decoder

uses two ultrafast low-power precision comparators (TL3016)
to provide a high data rate.

substrate with a relative permittivity, = 9.9. The MHMIC The RF design of the six-port junction is such that only one
chip measures 2% 23 mm. The six-port junction composedof four possible modulation states is correctly identified at a
of three compact hybrid 9Ccouplers and a Wilkinson powertime by an analog decoder. This is one particular feature of
divider is placed in the middle of the circuit layout. the proposed receiver concept. Waveforms displayed in Fig. 4
Simulated and measured-parameters of the six-portindicate that each output voltage of the six-port junction, as
junction are summarized in Table |, for the center frequenghown in Fig. 2, has a single minimum valueX, m2, m3, m4
at 27 GHz. The reflection coefficient$;;—Ses are less than corresponding td/;, Vs, Vs, V4, respectively) during a 360
—24 dB and the isolation between LNA and VCO ports, i.ephase shift between RF input and VCO signals. This means
Sse, IS found to be at least 27 dB. The transmission coeffi- thatV;, V5, Vs, V, have a minimum value for'Q9C°, 18C¢, and
cients are close to the theoretical predicted valué §B). The 270 phase shift, respectively, between the input and VCO sig-
circuit of detection is designed to cope with a wide-band operaals.
tion (23—-31 GHz) using HSCH-9161-type zero-bias-detection The simulated input and outpli& 2 waveforms, as plotted in
Schottky diodes. Fig. 5, confirm the operating principle of the receiver. The input
It is to be noted that a similar architecture can be used f6&  signalsIN; andINg, are pseudorandom bit sequenced at
higher operating frequencies in the millimeter-wave frequendlye input of the vector modulator (see Fig. 8). The input phase
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Fig. 8. Measurement setup of the MCM for BER testing.

Ill. PROTOTYPE AND TEST RESULTS

To validate our proposed receiver and the above analyses, an
experimental compact prototype was made. Fig. 7 shows a pho-
tograph of the complete circuit module, including an ASIC, as
o depicted in Figs. 2 and 3, with the six-port junction fabricated

ooz o0 ok oo1  om Az —r——a—=x—,  using our MHMIC process. Obviously, the front-end of this re-
imag (Ve (V] real (OUT_D) (V] ceiver can be designed in a single chip with a monolithic-mi-

(© (d) crowave integrated-circuit (MMIC) technique to integrate all
Fig. 6. Simulated input and output signal constellations for different SNRS.OI.c the RF_ compon_ents _(VC_O’ LNA, six-port junction, and RF

diodes with matching circuits).

The block diagram of the experimental and simulation setup
signal phpy is the phase of the QPSK modulated signal. This given in Fig. 8 to measure the BER performance, with re-
same bit sequend@UT; andOUT are obtained at the outputspect to signal parameters of the receiver. A pseudorandom bit
of the MCM. sequenceX® — 1 b) is generated using ME 522A BER trans-

Fig. 6 shows the simulated input and output signal constehitter equipment. The bit rate is set at 40 Mb/s. A QPSK mod-
lations for various signal-to-noise ratios (SNRs). A white noisglated signal and a reference signal of 250 MHz are gener-
is added to the input QPSK signal and the input constellatioated using an HP-8782 vector signal generator. The 27-GHz
are presented in Fig. 6(a)—(c) for 30-, 10-, and 4-dB SNRs, ®PSK modulated signal and the 27-GHz reference signal are
spectively. Demodulation results are presented in Fig. 6(d), @stained using an LO (Wiltron frequency synthesizer model
well, which are obtained by using the comparators in the d&740B at 26.75 GHz) and two SU26A21D sideband up-con-
coder circuit of Fig. 3. Itis found that the output constellation igerters. The demodulatelk () signals are obtained using the
definitely stable. This output constellation remains focused evBtCM, as shown in Fig. 7. The ME 522A BER receiver equip-
if the errors appear because of the comparators in the deconent evaluates the BER values. An additional continuous-wave
circuit whose output voltages can have only two distinct valug€W) generator or a white noise generator is used for the adja-
Otherwise, if the errors appear, the output signal constellatioant signal interference or noise measurements.
presents a rotation to the left or right of 9@ultiplies and “the  Fig. 9 shows a photograph of our test setup, as sketched in
image” of the output constellation is the same. Therefore, thég. 8, which consists of the MCM, a power divider, and two
errors appear in the demodulated signal and the BER rises ugp converters. The BER results using simulations based on the
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Fig. 11. Measured and simulated BER versus RF power level at the LNA port
Fig. 9. Our test bed for the evaluation of the receiver performance. of Fig. 7 for a carrier frequency of 27 GHz.
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Fig. 12. Measured and simulated BER versus LO phase shift from the

Fig. 10. Measured and simulated BER verslyg N, over the operating band synchronism (0)

(23-31 GH2).
1.E+00

ADS 1.3 version and measurements are obtained considering 1.E-01
the same conditions of power inputs and interferences (white 1.E-02
noise, adjacent signal interference, LO phase shift, and LO 1.E-03
phase noise). 1.E-04

Fig. 10 shows a simulated and measured BER as a function & :Ez:
of E, /No, in which E, is the average energy of a modulated bit [
and Ny is the noise power spectral density. The signal is cor- 1.E-08
rectly demodulated if thé&, /N, ratio has an acceptable value. 1.E-09 e TR LT
It can be seen that the BER is less tha®F — 6 for £, /N 1.E-10 T Bhasencl-10d8
once higher than 11 dB over the frequency range within the op- 1.E-11
erating band (23-31 GHz). Outside the upper and lower limits L A A A S S S A A
of the operating bandwidth, however, the BER rises rapidly, as Eb/No [dB]
itis measured to be greater theAE —4 at 22 GHz and 32 GHz
for the same value aF, /No. Fig. 13. Simulated BER results versig /N, for different LO phase noise

Fig. 11 gives the results of a measured and simulated BESE'S-
versus the RF signal power level at the LNA port of the MCM, as
indicated in Fig. 7, with an LO signal power 620 dBm. From increased using an LNA. The dynamic range of the receiver can
these results, it can be observed that a minimum signal levelad§o be increased well above 70 dB with an AGC in the LNA.
—36 dBm (16 dBm below the LO signal power) is sufficient In addition, Fig. 12 shows simulated and measured results
to operate the MCM (corresponding to a BERIO®F — 6). on BER versus the phase shift from synchronism between the
The maximum power level of the RF input signal is measuraxrrier and LO signals when both frequencies are set at 27 GHz.
to be 3 dBm {23 dBm above the LO signal power) before th&he simulated and measured BER is less thé#' — 6 for the
BER rapidly deteriorates up th0E — 6. Hence, the dynamic LO phases shift from the synchronism smaller tha36° and
range of the MCM alone is approximately 40 dB when the L@he BER is less thah.0F — 10 for the LO phases shift from the
power level is set at20 dBm. Therefore, this MCM is a very synchronism smaller thah30°. Therefore, this MCM is a very
robust QPSK demodulator according to the dynamic range rabust QPSK demodulator according to an undesired phase-shift
the input QPSK signal. The sensibility of the receiver can kearor.
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results are comparable to a standard direct conversion receiver
as the proposed concept is verified by measurements and simu-
lations based on a hybrid integrated-circuit prototype having an
operating band of 8 GHz (23-31 GHz).

An analog carrier recovery circuit has been designed, in
which a voltage control to a VCO is generated using six-port
output signals. It has been found that the four output dc voltage
levels change in time if the VCO frequency is different from
the carrier RF frequency. This frequency difference is then con-
verted into a dc voltage magnitude using a frequency/voltage
converter. The sign of frequency difference is added to this dc
voltage and the resulting control voltage signal is fed back to
the VCO [8].

The BER results have been studied in the operating dynamic
range, signal-to-noise ratio, signal interference, and VCO
phase noise. Our simulated and measured results are very
encouraging, which pushes forward our current design and
future fabrication of a MMIC prototype for this new receiver.
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