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Introduction

The millimeter wave spectrum has been identified as a candidate of choice to support
multi-gigabit's data transmissions. The increasing interest of recent years has pushed the
regulatory agencies to provide new opportunities for unlicensed spectrum usage with
fewer restrictions on radio parameters. In order to provide more fexibility in spectrum
sharing, the FCC introduced an opening of 7 GHz unlicensed spectrum at millimeter
wave frequencies around 60 GHz, from 57 to 64 GHz.

As known, in the case of comparable bandwidths and data-rmdes, an important advantage
of using millimeter wave frequencies instead of microwave ones is the reduced ratio
between the bandwidth and the central frequency, leading the way to transceiver sim-
plicity. In addition, compared 1o microwave frequencies, the strong signal attenuation at
60 GHz allows an efficient reuse. This helps to create small indoor cells for hot spot
secure wireless communications. This spectrum is suitable for multi-gigabit's wireless
communication systems, which could be home or office high-speed wireless networking
and entertainment, such as extremely fast downloading of files via wireless Gigabit
Ethernet, and wireless High Definition Multimedia Interface (HDMI).

At the same time, the 60 GHz communication systems are also very attractive for
secure line-of-sight multi-gigabit's Low Earth Orbat inter-satellite links. The communi-
cations cannot be received on the Earth surface due to severe oxygen absorption in the
atmosphere (around 20 dB%km at sea level). However, [or this challenging application,
major improvements must be made to today’s emerging transeeivers. There are still
mieltiple challenges in terms of circuit and module design and fabrication, and system
architectares. In the authors” opinion, the use of multi-port interferometric approach in
comjunction with innovative fabrication technologies will open the way to low-cost
reliable multi-gigabit's millimeter wave communication systems. We are persuaded
that the work presented in this chapter will lead the way to transceiver simplicity together
with system miniaturization, ensuring higher data-rates, compared fo the conventional
microwave Ultra Wideband (U'WB) approach. For example, a data-rate of 14 Gh's is
achievable using single carrier 16 symbaols Quadrature Amplitude Modulation (16 QAM)
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or Orthogonal Frequency Division Multiplexing (OFDM) scheme with seven Quadrature
Phase Shift Keying (QPSK) modulated carriers.

The multi-port circuit theory was first developed in the 19705 by scientists for
accurate automated measurements of the complex reflection coeflicient in microwaye
network analysis. These multi-port ploneers highlighted its uscfulness in microwave
low-cost circuit characterizations (S-parameters). Since 1994, the multi-port techni.
gques were further developed by Professors B, G, Bosisio and Ke Wu (Poly-Grames
Research Centre of “Ecole Polytechnique de Montreal,” Canada) and collaborators,
who proposed its use as a microwave and millimeter wave demodulator in connection
with homodyne and heterodyne receivers. Several multi-port architectures for specific
applications have been developed and implemented. Basically, this is a passive cireuit,
composed of several couplers, interconnected by transmission lines and phase shiflers,
The multi-port acts as an interferometer; its output signals are linear combinations of
phese shifted reference and input unknown signals. By using appropriale devices
connected to output ports, this circuil can provide quadrature down-conversion or
direct modulation.

Section 24.2 presents the multi-pont interferometer theory focused on quadrature
down-conversion, dirsct modulation of a millimeter wave signal, and antcnna array
implementation. This describes and analyzes various multi-port circuit implementations
and their advantages versus the conventional approaches,

Section 243 deals with practical implementation, modeling, and analysis of a
60 GHz multi-port, Taking advantage of the advancements in fabrication technologies
at microwave and millimeter wave frequencies, bulky waveguide circuits are integrated
into various substrate integrated circuits (S1Cs). Multi-port circuit schemes and practical
realizations using Miniature Hybrid Microwave Integrated Cireuit (MHMIC) technology
are presented and discussed. Despite its physical limitations, the conventional
Bectangular Waveguide (RWG) technology is still essential to comnect the SICs to
standard millimeter wave equiptnent and circuits,

Section 24.4 proposes multi-port interferometric Veband transceiver architectures
for wireless local area networks (WLANs), dedicated to high data-rate communications,
including digital signal processing considerations. The wse of a multi-port inter-
ferometer in guadrature down-conversion is an innovative approach, due to its intrinsic
properties, such as wide bandwidth, reduced local escillator (LO) power requirement,
excellent isolation between RF input ports, and very good suppression of harmonic and
spurious products. In addition, millimeter wave direct modulators and array antennas
(implemented using multi-ports, as presented in Section 24.2), are considered in the
proposed svstem architectres.

Advanced system simulation results, based on realistic circuit models, are presented
and discussed in detail in Section 24,5, followed by conclusions in Section 24.6.

Computed aided design (CAD) tools, such as Advanced Design Systems
(ADS) of Agilent Technologies and High Frequency Structure Simulator {HFSS)
of Ansoft have been used for circuit designs and system simulations, Circuil proto-
type photographs, along with simulation and measurement results reinforce this
presentation,
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24.2

24.2.1

Multi-port interferometer theory

The mulii-poat, in fiset a “six-port” circuil, was first developed by Cohn and Weinhouse [1]
to evaluate the phase of » microwave signal, and extended by Engen and Hoer [2]-[4] for
accurale automated measurements of the complex reflection coeflicient n microwave
network analysis,

Between 1972 and 1994, similar researches were pursued by other laboratories,
including Poly-Grames Research Centre of “Geole Polytechnique de Montreal™
The proposed six-port 5 a passive circuit, composed of hybrid couplers and/or
power dividers, connected by rransmission fines, 1t has two inputs, one for the unknown
signal and the other for the reference signal, and four outputs. The ouput signals
represent linear combinations of the input signals. The evaluation of the reflection
coefficient is bosed on the measurement of output sipnal power levels. Detailed
discusgion is presented in [5].

I 1994, the idea of a multi-port circuit o be used in direct conversion microwave
receivers was proposed for the first time at the Poly-Grames Research Centre of “Ecole
Polytechnique de Montreal.” The first reported results were related to the narrow-band
single-carrier demodulation of digital dota (6]1-[8]. The multi-port architechire was very
similar fx the original approach, and a calibration process was needed o perform
measarements. Since 2001, various multi-port imerferometer techniques with no need
of calibration have heen developed [%)-[12].

Multi-port interferometer for quadrature down-conversion

The multi-port circuit presented in Figure 24,1 is composed of three 90° hybrid couplers
and a Wilkinson power divider. This architecture is typical for a multi-port microstrip
implementation. The instantaneous phase shift and the relative amplitude between BF
unkmown and reference input signals, ag and 2., respectively, are obiained by output
power measurements, as explained below,

Cienerally, for o multi-port, the output signals, b, can be expressed as s function of the
dispersion parameters S:

[:]
bf;Esﬂ, fel,...,6 (24.1)
=i

The scattering matrix of the proposed muli-port phase discriminator can be oblained
using the diagram presented in Figure 24.1. For this purpose, the following scattering
matrices of a #* hybrid coupler and Wilkinson power divider, as given in Equations
(24.2) and (243}, respecitvely, are used:

b 751 0
_E{yel

'S_ﬁl{lﬂj’ (24.2)
01 40
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Figure 24.1

The multi-port interferometer for dowr-conversion in a fromt-end block diagram.

i 01 1
[Sl=-i—1 0 0]. (24.3)
V210 0
Therefore, according to Figure 24.1. the multi-port scattering matrix is obtained:
) 00 0 - J
2 00 0 1
1o 00 0 1 1 ;
=310 00 0 - - (@244
411 = 0 0
f F1 =10 0

The two normalized input waves having an a amplitude ratio, a Ag (1) = @.(f) — @5 phase
difference, and a Aw = o = iy Trequency shift, can be expressed as follows:

@y =ﬂ-.|;""""'-"“:, {2451
e =@+ d Pl:lu e lrlh o Qs as- r,l_.-'l,.-:u.ﬁ_.;-[r;':‘ {24_{'}

Supposing a perfect match (o) = as = ay = ag = 0), the fpur normalized output waves can
be expressed depending on the input waves and relaied scattering (5) parameters:

hf=-ﬂ'_|'35|+ﬂ'g-$f;|- !-'- I....|4 1.2‘?}

1| =

L1 =]

T e T (248)
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In order tp obtain the IF owput signals, four power detectors sre connected o the
trulti-part outputs. As known, the output voltage of an ideal power detector is proportional
to the square mapgnimede of the RF input signal:

=K blP=K-b-b, i=1,...,4 (24.9)

Supposing that identical power detectors are used, & = K, the output voltages become:
Fialt) = K%- {1+’ 72-a-cosldw- 1+ Ap(1)]}, (24.10)

v all) = K::-;- A1+ F2-a sinfAw- t+ Ap(ri]}. (24.11)

Ag seen, the outpul vollages at the pairs of ports 1 and 3, and 2 and 4, respectively, are
phase opposites. Therefore, the quadrature output signals can be oblined using two
differential amplifiers in the IF stage:

Vi) = dgr - [wlt) = w0 = a- K- a* - Agr - cos|Aw - £ + Ap(1)], {24.12)
Vo{t) = App - [vale) —wlf)] =@ K- a® - Ayp-sinfAew - 1 + Ap()l.  (24.13)

Finally, after the second frequency conversion and low-pass filtering, the baseband
quadrature signals are obtained as follows:

1) =5 a- @ K- dip- App - cosiAplr], 24.14)

Q[.r}=%-:x-ﬂ:dif-.d;pﬂm-sin[ﬁw{r]]. {24.15)
Therefore, & baseband signal I'ii) can be defined in the complex plame:

(1) = &) + Q1) =%~a~aﬁ-x-d,;-g”-gf~**“‘-. (24.16)

In order to highlight the differences versus the previous approach, the conventional
quadrature mixer and a quasi-conventional multi-port proposal using anti-parallel diodes
are presented in Figure 24.2,

The signal flow iz calculated considering the scattering matrix of a Wilkinson
divider, as presented in Equation (24.3), and the scattering matrix of a 180° hybrid
coupler given by:

(24.17)

P
= =
|
iy

Therefore, the multi-port scattering matrix becomes:
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Figure 242  Block diagram of a conventional 10 mixer (a) and 4 quasi-conventional mult-port mixer (B),

60 0 0 1 1
b0 0 0 j I
00 0 0 1 1

IS1=310 0 0 0 - 1 (2418)
1§ =L — 0 0
111 1 o o

The 180* hybrid coupler output signals are injected into the anti-paratiel diode inpaats.
Considering four identical diodes, and their general nonlinear characteristic:

f=c¢-V+d- Pire VP ifV+..., {24.19)
the in-phase cumment, hefore filtering, can he expressed as:
P=c-(Vi+¥)+d- (V=¥ +e- (H+F)+7- (M -V + (2420)

P=c \/Zy: b+ ) +d-Zo- (B —8) +e-Zo T (B +0)) 4123
(=) +
(24.21)

Based on the caleulus of b, (see Equation (24.7)), as specified in Figure 24.2, after the
required intermoedulation product filtering, the only selected term is:

He=—d- Zo - as - a6 (2422
In the sume way, the related quadratic signal, after filtering, can be computed:
19 =j.d-Zy-a5 a5 (24.23)
For down-conversion purposes, only the frequency difference term is selected afier
filtering.
We note that a main difference between the two down-comversion approaches exists. In

the first implementation, the diodes are optimized to opemte as power detectors, The
output spectrum contains basically only low IF and DC signals. In the second one, due i
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the use of the whole nonlinear characteristic of diodes, the output spectrum is richer and
must be carefully filtered. Therefore, in order fo obtain comparable down-conversion
resulis, the L0y power must be considerably increased (with more than 20 dB) if the
conventional approach is used [13].

Multi-port interferometer for direct modulation

The millimeter wave modulator is an essential element for the ransmitter. Depending on
the specific modulation scheme, a multi-port modulator or a millimeter wave switching
network we proposed for low-cost TPWE apphications [14).

The multi-pert modulator uses the multi-port interferometer presented in Figore 24,1,
together with two pans of mono-ports, heving sdjustable reflection coefficients. As seen
in Figure 24.3, the normalized wave signal passing through the upper or lower hybrid
coupler is mulfiplied by 30, 1= 1, 2. The oniput sigmal of the direct meodulator combines
these signals as follow:

bs = 0.5- [Ty 4+ T3} - as. (24.24)

Therefore, the phase and the amplitede of the normalized output signal are related w the
mono-port return loss values. The direct modulation of a millimeter wave signal is
straightforward; the modulated constellation can be rotated in the 1) plane adding a
constant phase shifl.

As a first example using short or open circuits, the return loss values (I'; ;) are cqual
to —1 and +1. respectively, and conform to the direct modulation chart presented
in Table 24.1; consequently, a divect QPSK multi-port modulator is oblained [14].

Different other modulated signals can be obtained using only the real part impedances
for both mono-ports, as illustrated in Tables 24.2 w0 24.4,

Az detailed in the previous analyvsis, in order to obtain all modulation states, the
mtio of the mono-port resistance maximum/minimum values (excepting open amd
short circuits, that are easily implemented with stubs) is equal to 77 = 49 for Square

Figure 243  Simplified block diagram of multi-port divect modulator,
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i,

Tahle 24.1 OPSK direct modulation chart,

symibiols Liray code ry I, . & b

1 i | 1 Cipen Cipen 051+ - ay

2 o1 -1 1 Short Open 0.5 (=147} a

3 11 -1 1 Short Short 0.5 (=1 —7}-q

4 1o | =1 Chpen) Shiwt 0.5 (1 =) -ag

Table 24.2 3PSK direcl madutation ¢hart,

symbizla Ciray code i I'; &y Z> by

| (0 1 n Open o 0.5 - ay

2 001 = = 3. 7, :_%1_1-;.-:,. B (1 + ) ag

3 ol i} 1 I.u 0.5:7 mg

g 010 -4 % oL 7, 13&_ e (145 a

5 110 -1 0 Short 0.5 - ag

G 111 < —;_.55 ﬁ;:'zn z;&:l Za E;% (=1 = fi-aq

7 101 = Zo —0.5-/ ag

b 1 :!E _Tj!' %i—:'zn .‘.-z I - Zn %-é"[l —fieag

Table 24.3 Souare 16-0AM direct maodutation chart.

symbols Giray code r ra A Fas s

1 1000 0.75 =0, 75 T2 177- 2 (0375 — f-(L3T5) - gy

2 1001 0.75 025 1-Zy ¥s- 7o {0.375 — 7-0.125) - ag

3 1011 0.75 0.25 7% 53 - Zy {0,375 4+ 7- 0.125) - ag

4 1oL 075 0.7% T2 24 {0375 +-0L375) - ay

5 110 0.5 0.75 5/3- Za Tz, {0.125 4 7- 0.375) - ag

6 1111 0.25 025 §31. 2, ¥i-Zy (0125 + - 0.125) -ag

7 110 (.25 =025 532 ¥5-Za {125 —7-0.125) - ag

8 1100 025 —0.75 53 - Zg 117- Zo {0.125 — - 0.375) - ag

g o100 —1.25 —0.75 5. Z, 17 Zg {~0.125 — j- 0.375) - g

10 0inl =(.25 =25 ¥Y5-Z ¥5-Zs {—0L125 —ji- (L125) - 2

11 ol .25 0.25 5.2y 532 (—0.125 4 7 0.125) - %

12 o110 ~0.25 075 V5. Zy 7% [=0.125 +-0.375) - o

13 oo .78 075 17 - Za T2 (—0.37547-0.375) - a4

14 0011 —0.75 0.25 17 - Ze 53 . 7y (—0.375 4 - 0.125} - ag

15 oo ~(L75 {25 7%y ¥4 (=0.375 — j-0.115) - a¢

16 0000 .75 ~i1.75 7 F 7 & [—0.375 — - 0,375) - g
16-0AM, and (-'L-T— =34 for 8PSK and [6-Star QAM. Therefore, QPSK,

RPSK. and Star modulations are easier to implement. It is to be noted that, for demod-
ulation purposes, the same modulations are less sensitive to hoth amplitude and phase

noise,
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Tabie 24.4 16-5tar 04N direct madulation chart,

symbols Gray code ry | Al Ty b
| (e | 0 Cpen La 0.5 - ag
2 w01 & v w2t 7, 7, Lol e
3 0011 0 | | x, Open E.ss-;--uﬁ
4 (10 ~ T d? féﬂ.zu :%_l% Zs Re-1+0)-a4
5 0110 -1 0 Short Zo —0.5-a
= 2 = - B3, e T
@ 0111 & + L. 7, .z, Be(-1-j) a
7 0101 0 -1 z Short 0.5
B o100 v = sl ) 03 -|j_£ﬁ
;1 7. ret -2y e 2 i =ha
o 160 0.5 i} 3Z 025
in 1001 [ 1. .z.y'sz'«u.z,!1 ‘?E” - IL,?,:{I.:. 1.4
z_l‘ﬁ it 2‘!__] ﬁ_—l-i{u v, 4 ]
I 1011 0 0.5 Zy W 0.25-f-as
v - 1 E— #l 025 r__ :
12 Lo ,E'}S o =1, 7, ?’E:{ o (=1 40) o
12 1110 —0.5 i 13- 2y .4 —0.25 - ag
14 111 -k - i‘g}:}.zu i’%ﬂ-zu L. (~1-j) 0
15 1101 0 -0.5 ; /3 2 025 - g5
e kol 2 ~ 5% e 7 ;‘%—_ﬂ.}:: -y e - (1 — ) - as
24.2.3 Multi-port interferometer for antenna array

An antenna areay with adaptive electronically steerable beams will allow mobility, and
gasy setup compared to a directional one wsing fixed high gain [13], [16].

The geometrical model of a four-element planer antenna amay is presented in
Figure 24.4. The patch anlennas are spaced by 452, where 4, 12 the free-space wave-
length. D to the angle of arrival @, a difference between two consecutive propagation
paths, Ax, will appear.

Consequently, the BF input signals «; will be phase shifted one versus the other by an
angle Ad, As known, this phase shift is directly related fo the path difference. expressed
by the next equation:

Avi=do- 50, i=2,34 (24.25)

-

Using the previous equation, and the geometrical model of Figure 24.4, the angle of
ammival can be obtamed as [ollows:

ﬂ.-l'g .'flnq'r.-

11 f?; . — a
WSS G-

i=234 {24.26)

The bleck diagram of a four element antenna array is shown in Figure 24.5. Iis
grchiteciure is hased on a 4 = 4 Butler mainx usimg an onginal topology, adapted o
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Figure 244  Geometrical model of a four-element antenna wmay,
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—
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Llm+a) tlarsm)
V2 42
Figure 246  Biock diagram of four-element antetta amay.

millimeter wave frequencies, which avoids any cross line, The four patch antennas are
connected to a multi-port circeit, having four inputs and four outputs.

This circuit is compesed of four 907 hybrid couplers and two 435" phase shifters,
implemented by i/8 transmission lines. Due to their small dimensions, the patch
anfennas are integraied on the same subsirate.

Im order to caloulate the multi-port output signals, b; to by, the pattemn factor of 2 patch
antenna in the H-plane is considered [17];

Fu(#) = cos. T (24.27)
In this equation, § is the free-space propagation constant and W = 4;/2 = 341.-"{2 )
represents the patch width, selected to obtain a proper radiation resistance & to the input
(% = 50 £2). Hence, the previous cguation becomes:

D)
san[:vﬁ; sclllﬁ]

L

W

Fiifl) = cosf - (24.28)

-sin
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Fifuire 24.6

According to Equations (24.25) and (24.26), and using the geometrical model of
Figure 24.4, the four input signals of the mult-port anienna array, a; to a4, are:

ap =g e Fp() =g -lndnd, gy i=1,2,3,4, (24.29)

Based on the block diagram of Figure 24.5 and the S matrix of the 90° hybrid coupler given
by Equation {24.2), the four multi-port output signals bs to by can be expressed as follows;

1 e I . e
EI'5,=§{—|:I| e ¥t jay + jay - e 4 ay) (24.30)
1 £
by = l—,{;‘m +jay et - a3 + jay - e7F) {24.31)
by =%Uﬂl et —m by e jay) (24.32)
] o —_r i . -
fh3=§{ﬂ|+_|lﬂ;-f“-I-_.I:I3—d.1-1”'I:|. {24.33)

Figure 24.6 shows the computed normalized outpat signals versus the angle of arrival,
using the previous equations. For each output signal, an individoal maximmm 1= obiained
by shifting & in a 130° range. The side-lobes are at least 8 dB below the main lobe and the
angles of arrival cormesponding to the maximum signals are around; —45%, —15%, 157, and
457, Therefore, the main lobe of the antenna array can be shified by 30 multiplies.

b [dB}

-90-60 -3¢ © 30 60 90 -90 6030 0 30 60 90
i {cdegh i {cleg)
ial (k]
1] 0 i
& =15 & 164 T
20 -20 < - :
=25 T T a5 ;
90 -60 -30 © 90 50 -30 0 30 B0 90
4 (dheg)
i)

Computed normmalized ouiput signals versus the angle of arrrval.
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[N L —

The antenna amay system based on the mukti-port interferometer is used in a multiple-inpye
multiple-output (MIMO) architecture as explained in Section 24.4. As seen, this spatia]
selectivity is achieved by using four fixed receivedtransmitted beams, A gain improve-
ment, compared with an ommidirectional antenna pattern, is obtained for each angle of
arrival. ADS Momenmm simulations of this antenna array using the fabrication technol-
opy and components presented in the next section show an average directivity of 11 dRj
and an average gain of around 8 dB,

Therefore, the proposed beamforming will improve the overall signal-to-noise ratio of
the commumication link, decreazing the global hit error rate (HER),

Multi-port V-band practical implementation, modeling, and analysis

In the last decade the multi-port circuit was implemented in vanous architectures and
technologies. The choice of the fabrication technology depends on the operating fre-
quency and application. Miniature Hybrid Microwave Integrated Circnits (MHMIC) [9]
and Monolithic Microwave Integrated Circuits (MMIC) [10] technologics were chosen
to implement the prototypes of vanous communication receivers and radar sensors, in
homaodyne and heterodyme architectures, at Ka and W band frequencies. The Subsirate
Integrated Waveguide (SIW) [18] and conventional RWG [19] technologies were used at
W band frequencies, to support higher power levels requested in radar sensors and phase
noise measurcment applications,

The typical topology of the circuit was ilnswrated m Figures 24.1 and 24,3, This multi-port
circuit represents the core of the interferometric 1)) demoedulator and direct modulator,
respectively. Advanced Design System (ADS) Momentum software of Agilent
Technologies was used to perform the cireuit design in microstrip implementations. A
gareful design targets the reflection and inserfion loss, and the isolation between the RF
and reference signals. [t s to be noted that, due to its specific architecture, the msertion
loss of an ideal multi-port is 6 dB, Therefore, the phase result of the transmission signals
is critical to ohtain the desired combination of input signals through the four outputs, The
isolation between the millimeter wave inputs is also a very important criterion of the
communication systems. Moreover, in order to reduce the DC offset caused by
the multiple reflections at the outputs, the return losses at all ports, at the operating
frequency, must be excellent.

A V-band multi-port cireuit was designed in MHMIC technology wsing a ceramic
substrate, having a 9.9 relative permittivity and 125 wm thickness. The circuit topology is
based on the schematic presented in Figures 24,1 and 24.3, as seen in the microphoto-
graphs of Figure 24.7. In order to avoid reflections at all unused ports of the multi-port
cireuit during two port measurements, integrated 50 £ loads are connected to the open
circuit quarter-wave transmission lines (representing virtwal RF short-circuits in the
operating band). The diameter of the Wilkinson power divider and that of the hybrid
coupler are arcund | mm and 0.7 mm, respectively. The 530 £} line width s practically
equal o the substrate thickness.



Figure 24.7
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{a)

Microphotograph of the V-hand MHMIC multi-pon preparcd for S5: measurement (ak, and a detaal
of its on-waler measuremsents ()

O-wafer mult-pan S paramater measurements are performed using a millimeter wave
Precision Network Analvzer (PNA) of Aglent Technologies and & Coscade Microtech
probe station equipped with grownd signal ground (GSC) 150 pm pico-probes,

Figure 24 8 presents typical 5§ pammeter measurement results of this mult-pon circuit,
over 4 GHz frequency band, between 6 and 64 GHz. The lower measurement limil of
601 Gtz 15 tmposed by the PNA frequency mnge of 60-90GHz. However, these resulis
con be easily extrapolated over 57-600CHz band using the acquired messurements,
combined with the multi-port ADS Momentum simulations. As seen, good perfomances
in grm of return 1oss ot all pons and REF ampus pons” izolanon, are obtained, In addition,
the power split bebween the REF reference input and the four outputs is quasi-constant over
the band, and ¢lose 1 the theoretical value of —6 dB, as presented in Figure 24.8(c. 1t 15
to be noted that comparble messwrement results have been obtained for the other BRI
inpul porl. Asseen in Figore 24 8(d), the use of the V-band hybrid couplers engenders a
guast-constant 90° phase difference over a wide band, suitable for a high-perfonmance
guadrature down=converter or direct modulator,

In order to perform advanced system simulations, a muli-pon model based on the
block diagrams of Figures 24.1 and 24.3 is implemented in ADS. using fll S-parameter
measurements of the Wilkinson power divider and 0° hvbrid coupler. This maodel has
been prefemed instead of one based on multi-pon fUll S-parnimeter measurements, which
requires the fabricatron of 15 different circais o cover all two-port messurements, The
multi-port modde! has been validated through comparnison with s available measire-
mi=nis, such us preseiied in Figare 24 8, A very pood agreemiont 15 oblamed between the
el simulation and the measurement results

To demonstrate that the multi-por is a four ¥y, points™ circult [2] having all points
spaced by O0F, 4 hamonie babnce simulation s performed at 61 GHz. Both BF input
signals have the same Fequency (homodvne casel, The phase difference hetween the
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millimeter wave inputs is swept in a 360" range and the RF input signal power is set to 0
dBm. Power detectors are connected at the four autputs.

The multi-port detected output voltages versus the RF input signals® phase difference
are presented in Figure 24.9(a). As seen, the output voltage minimum values are shifted
by 90" multipies, as requested for this architecture. In addition, the output voltages ai the
pairs of ports 1 and 3, and 2 and 4, respectively, are phase opposites. Therefore, ['Q
ouiput signals can be obtained using a differential approach, as sustained by Equations
(24.12) and (24.13), and illustrated in Figure 24.9(b). As seen, the shape is quasi-circular
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and practically centered in the origin (low DC offset), proving very good capabilities of
the proposed multi-port to perform quadrature operation.

In order o demonstrate the multi-port demodulation capabilities, an ADS envelope
simulation is performed in homodyne architecture, using a schematic based on
Figure 24.1. Various modulation schemes have been implemented and analyzed, Let's
see some results. In the case of Amplitude Modulation (AM), the I vector, defined by
Equation (24.14]), has a linear variation, while maintaining & constant phase. In the case
of frequency modutation (FAY, the constant magnitude of £ vector urms on a cinele, and
rotates clockwise or anticlockwise with the instantancous frequency difference between
the input ports.

As known, in a digital moduolation, each combination of magnitude and phase is called
a symbol and represents a digital bit stream. QAM technique is used to analyze error
vectors in the down-conversion process.

In the ADS envelope simulation, the LO power is st at as low as =25 dBm, and the
low-noise amplifier (LN A) input signal at — 45 dBm. The LNA model is based on the data
sheet of the Hittite HMC-ALH3AZ, high gain Gads HEMT LNA (57-65 GHz, 21 dB of
gain, NF = 3.8 dB). The millimeter wave power detector models are based on the Spice
model of the zero-bias Schottky diode, model HSCH-2161, of Agilent Technologics.
Matching networks are used to improve the retum loss over the 60 GHz band. Each
differential amplifier module uses two dual wide-band OPA 2658 low-power current
feedback operational amplifiers (Burr-Brown). [ts model is implemented in ADS based
on the manufacturer’s data sheet. The total gain of the module is 20 dB, and is validoted
by measurements on a test bench.

Figure 24, 10(a) shows dual-ring 16-Star QAM demodulation resulis. The modulation
scheme looks like a dual 8-PSK having a radius ratio of 2. In addition, Figure 24. 10(k)
shows the results of the well-known Square 16-0QAM demodulation,

R

{al
Figure 2810 Dhialering 16-Star QAM and Square 16-0AM demodulition results,
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24.4

i

The I" vector mapping in the baseband complex plane is presented for each of the 14
gymhols. The resulting emmor vector represents the difference between the actual dempdy,.
luted and the :deal symbal veciors. To remove the dependence on system gain distrihy.
tion, related magnitude and phase errors are calculated for each symbol [20]. For both
dernodulation schemes, these ernors are less than 5 percent. showing good demodulation
performances without using any calibration technigques.

Proposed transceiver architectures

According 10 FCC definition, the transmission bandwidth of TUWE signals should be
greater than 500 MHz or larger than 20 percent of the central frequency. This open
definition does not specify ooy air interface or modulation for UWH. In the early stages,
time-domain impulze radio (IR) dominated UWE technology and still playvs a cruedal role
inday. However, driven by the standardization activities, conventional modulntion
schemes, such as Single Carmier (50C), Frequency Division Multplexing (FOM), or
Orthogonal Frequency Division Multiplexing (OFDR), have also appeared [21].

As known, the OFDM technique partitions a U'WH channel in a group of non-selective
narrowband channels (using a simple modulation technique such as QPSK), which
malkes it robusi against large delay spreads, by preserving orthogonality in the frequency
domain. For multi-carrier systems, two approaches can be used: (i) a high number of
carriers {16, 32, 64, or 128) with a corresponding relatively low bit-rate/carrier, or (i) a
small number of carmers (2, 4, or 8) with a corresponding higher bit-rate/carmier,
However, at 60 GHz, phase noise and carrier offset will degrade the multi-camier system
performances. Due to the complexity of these architectures, in the suthors” opinion, only
the second approach is suitable for low-cost 60 GHx T'WEB WLANs.

The available bandwidth, together with the efficient reuse of spectrum {due to the
strong signal anempation ar 60 GHz) makes Oexibility, simplicity, and cost, the most
critical points of these communication svstems. [t was demonstrated that the trans-
miszions using 5C advanced modulation technigues and directive antennas can achieve
comparable performances with OFDM, for a 60 GHz indoor channel [21]. These mod-
ulations, such as M-ary QAM and M-ary PSK, will considerably increase the spectral
efficiency.

The simulation results of a 60 GHz high-speed multi-port heterodyne receiver have
been published in [12]. A bit-rate up to 400 Mivs has been achieved using a 16 QAM
modulation and an IF of %) MHz. The proposed architecture enables the design of
gompact and low-cost wireless millimeter wave communication receivers for future lngh-
speed WLANS, according to the IEEE 802.15.3¢ standard. However, to cope with the
{h's bit-rates, the millimeter wave cirowsts” bandwidth must be increased to a few GHz,
and the IF must be at least 2.45 GHz.

Due to the high free-space loss at the carrier frequency, transmission on ranges up to 10
meters can be expected. The Friis path loss equation [22] shows that, for equal antenna
gains, path loss mereases with the square of the carrier frequency, Therefore, 60 GHz
communications have an additional 22 dB of path loss when compared to an equivalent
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5 GHz system. However, antenna dimensions are inverscly proportional to carrier fre-
quency. Therefore, more antennas can be pliced within a fixed ama and the resuliing
antenna amay will improve the overall antenna gain, The directive pattem of a beam
forming antenna amay improves the channel multipath profile by limiting the spatial
extent of the transmitting and receiving antenna patterns to the dominant transmission
path. This aspect opens up new opportunities for wireless svstem design, The use of smart
aniennas will also improve the link budger and will reduce the transmitter power [23].

A consequence of the confinement to smaller cells is that the channel dispersion is
smaller than the values encountered at lower frequencies, because the echo paths are
shorter on average. However, movemenits of the ponable stations, &5 well as the move-
ment of objects in an environment, cause Doppler effects, relatively severe at 60 GHe,
because they are proportional to the carmer frequency, For example, if a person moves at a
wilking speed of 1.5 m's, the Doppler spread result 15 1200 Hae,

In the case of a single carrier, the use of directive antenna arrays based on multi-pons, a
heterodyne muolti-pen 10 down-converter, and a multi-port modulator, s considered
very promising for indoor low-cost UWH communicitions,

Figure 24,11 shows a simplified block diagram of a single-camier millimeter wave
multi-port dircet conversion tmnsceiver. A MIMO architecture using two phased arrays
based on Butlér matrices is propesed. This solution appears optimal because a few
discrete beam directions are generally sufficient for indoor WLANs, A 20 GHz microwave
oscillator and a frequency muliiplier generate the 60 GHz signal. The digial signal

i
ko)

Data ouwt

Figure 2811 Simplified block dingram of 2 single carmer multi-port direct conversion transceiver,
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processing (DSP) unit modulates the camier using a multi-port direct modulatar
MP2, According to the 60GHz related standard, the amplifier’s maximum output
power is +10 dBm.

Identical multi-port antenna arrays MP3 are used for transmitter and receiver units,
Four multi-port direct conversion receivers (MP DCR,) are connected directly to the
receiver’s multi-port antenna array. Each receiver i composed of an LNA, a carrier
recovery circuit {CR), a multi-port down-converter (MP1, power detectors, and differ-
emtial amplifiers (DAL, and two baseband amplifiers (BBA). The DSP unit will dynam-
ically select the strongest quadrature received signal (the optimum direction of arival)
and will activate the comresponding millimeter wave amplifier to feed the transmitter's
multi-port antenna aray MP3,

Analog-to-digital (A/D) converters are used at the DSP imput. It is important to
underline that the received baseband signal data rate (frequency) is significantly lower
than the frequency of the millimeter wave signal. In addition, the sigoal lewel i
significantly increased due to the overall gain of the millimeter wave receivers. That's
why the AT} converters are not connected directly to the multi-port antenna array output,
and, consequently, the processing of the millimeter wave signal canmot be moved to the
digital side. We note that the baseband analog signal levels are tens of millivolts and their
frequency is related to data rate (hundreds of MHz). The baseband signal processing is
the optimum and unigue solution with today’s technology.

The access to the in-phase (I) and quadrature () signals will enable significant
additional capabilities, increasing the phase measurement accuracy and offering a
straightforward correspondence between the baseband phasor motation frequency and
the Doppler shift. if the same oscillator is used in the receiver part. The carrier recovery
circuit is used as reference signal and will compensate the Doppler shift in a hardware
approach,

Figure 24.12 shows the proposed heterodyne architeciure of a multi-port transceiver.
Due to the increased gain of the receiver, omni-directional antennas can also be used. An
additional millimeter wave oscillator is introduced in the receiver part, due to the non-
zero IF. The Doppler effects and the inherent frequency shift between millimeter wave
oscillators are compensated using a phase-locked loop (PLL) circuit, operating at IF, The
second down-conversion can easily use conventional means, due to the relatively low
operating frequency. To cope with data-rates of 500 Mb/s, the IF of the heterodyne
receiver is chosen at 900 MHz. Tf the data-rate is increased to 1 Gh/s, the IF can be chosen
at 2.45GHz.

As seen in the previous section (Figure 24.10), in the case of a perfect synchronism, the
demodulation emrors, without any multi-port calibration, wre less than 3 percent.
However, a digital compensation technigue is implemented in the DSP unit. For example,
based on the minimum “distance™ between each demodulated quadrature svmbol and the
ideal map of symbols {comesponding to each modulation scheme), the inherent mismatch
in demodulated symbol mapping is compensated. Furthermore, the data output is
generated acoording to each specific modulation chart (e.g. see Tables 24.1 to 24.4 for
QPSE, 8PSK, Square 16-0AM, and 16-Star QAM) using digital-to-analog (INVA)
Converters,
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Figure 24.13  Simplified bleck diagram of an FDM wireless link.

The wireless link is implemented vsing a FDM system based on UWE mulinmeter
wave mulli-port circuits, as seen in Figure 24.13. The channel plan is related to the
requested bit-rate, modulation technigue, and available band. A serial to parallel con-
veerter (5/P) with 2n parallel outputs, » millimeter wave LO, o quadmtore modulators, and
n way millimeter wave combiner {C), are used 1o generaie the FDM signal, This signal is
amplified (A) and transmitted through an antenna. After being amplified by the LNA, the
received signal is split (8] and coherently demodulated, using » mulli-port receivers (MP
REx). Finally, a parallel-to-serial data converter (P/5) generates the output data stream.
Due wo the TP'WE chamcteristics, identical multi-port cirenits can be used for both direct
miodulation and demodulation.

Direct Sequence (1D5) U'WH is often referred to as impulse, baseband, or zero camicr
technique. Tt operates by sending Gaussian bow-power shaped pulses, coherently
received by the receiver. Considering that the swstem operates using pulses, the trans-
mission spreads out, typically, many hundreds of MHz or even several GHz, over a wide
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bandwidth. To enable data (o be carred, DS UWDB transmissions can be modulated i
multiple ways. For example, Pulse Position Modulation (PPM) encodes the information
by modifying the time interval and, hence, the position of the pulses; and Binary Phase
Shift Keying (BPSK) reverses the phase of the pulse to modulate the data to be trans.
mitted. Therefore, in order to use a larger bandwidth with reduced power consumption, 5
new method based on the transposition of Impulse Radio Ultra Wideband (IR UWE)
signals at 60 GHz-band can also be taken into account [24]-]26].

As a low-cost 60 GHz IR UWE proposal, presented in Figure 24,14, the transmitter
part can he implemented using an oscillator, a millimeter wave switch, and an amplifier
A pulse generator (first PG) generates sub-nanoseconds pulses (for example pulse widd
around 330 ps, in order to reach 3 GHz bandwidth), The 60GHz carder will be digitally
pulse position modulated (PPM) using a millimeter wave switch, After amplification,
Clanssian pulses are emitted over several GHz of bandwidth, centered into the 60 GHz
band. In order do implement the receiver, either a mixer or a detector can be used. I[fa
mixer is used, o millimeter wave LO is needed. The mixer can be implemented using the
fow-cost, low-power consumption muolti-port down-converter. The oscillator is npot
required when a topology with a detector is chosen, as presented in the Ggure,
Therefore, the receiver is composed of three main modules: a low-noise amplifier, a
) GHz detector, and a correlator. A pulse generator (second PG) is used to control the
sample and hold (5/H) circuit, The main advantage of this architecture is that no phase
information is needed, and thus, no sophisticated coherent stable sources or camier
recovery circuits are involved. It 15 to be noted that the pulses can also be modulated
using the BPSK, with minimal architectural changes in both transmitier and receiver
maodules, In order o transmit data information, instead of modifving the position of
pulses as for PEM, the phase of sub-nanosecond pulses will be reversed at the transmiiter.
The receiver must be able to observe these 1807 phase changes; therefore, 3 multi-pon
based phase-detector can be successfully used. [t is to be noted that, as usual in block
diagrams, the DSP include required A/D and IVA converters.

The proposed architectures ensble the design of compact and low-cost wireless
millimeter wave transceivers for future UWEB wireless communication systems,
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Figure 24.14  Simplified block diagram of an impulse-radio transcerver.
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24.5 Advanced system simulations

Advanced Design System software of Agilent Technologies is used to validate multi-port
transceiver architectures, Both zingle-carrier and multi-carmer approaches are discussed
in this chapter. The stmulation block diagrams are drawn according to the schematics
presented in the previouws section.

In the first instancs, a single-carter architecture is analyzed. Figure 24.15 shows the
spectrum of the QPSKE signal used in the simulations, The svmbol mate per carmier (SRC)
is selected at 500 MS/s, cormesponding to a data rate of 1 Gh's. The mam lobe 15 centered,
in this case, at 62 GiHz,

Agcording to well known Friis equation [22], the free space LOS attenpation is equal
to #8 dB ford = 10 m range. In this system analyzis, the antenna gains are zetat 10dBi. As
ift the multi-por amalysis section, the LNA gain and the noise figure (8F) are 21 dB and
3.8 dB, respectively, a common value for today's 60 GHz integrated amplifiers. To obtain
data cutpul sguared waves, and, consequently, perfect demodulated constellations, limit-
ers are used in the baseband (BB stage of the receiver, We note that this approach can be
uzed only for BPSEK or OQPSK modulation schemes.

As seen in Figure 24.160a), (b), and (¢}, for a pseudo-random hit sequence of 200 ns
length, the culput demodulated 7 signals have the same bil sequence as thal transmitted.
Eguivalent results are obtained for £ sipnals.

Figure 24.17 shows the BER variation versus the EbvNo ratio, where Eb is the average
energy of a modulsted bit, and Mo is the noise power spectml density. Obviously, this six-
port receiver architeeture using a single-carmier scheme hias excellent BER performances,
close o the theoretical one (dotted line). This result proves its high potential to be used in
wircicas HIY (High Definition) commumnications.

A secomnd analvzis bazed on four carrier FDM architecture to validate the use of 60 GHz
UWRB multi-ports in multi-carrier systems is performed. A 4 Ghy's dasa-link is analyzed
using the QPSK modulation of equidistant carriers at 60, 61, 62, and 63 GHz, respec-
tively, and an SRC of 500 M5/, The dats-rate can be further increased, if needed, using

OPSK spectrum {dBm)

61 &2
Frequency {(GHz)
Figure 24.15  Spectnam of the single camier QFSK signal.
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Figure 24.18

FOM spactrum {dBmi)

60 &1 62 83
Froquandy (GH:2)

Spectrum of the four camer FIIM zignal,

the whale spectnom of 7 GHz (37-04 GHz) or the OFDM technigue. Itis to be noted that
ogr milt-port mode] is implemented starting from 60 GHz, due to the available instru-
ment's mensurement capabilites (60-90 GHz),

According to the schematic presented i Figure 24.13, an ADS envelope simulation is
performed, In order to cover the whole FDM spectmm of 4 GHz, 2 simulation step of
1A(145RC) is considered. The FIDM spectrum, at the transmitfing antenma input, 1s
shown in Figure 24,18, Az reguesied lor the FDM, the sub-channel specirums are nol
overlapped.

In order to evaluate the wireless link gquality, a BER analysis is performed for each sub-
channel. As seen in Figure 24,19, BER resuliz are presented as a function of Fh/Mao ratio.
All sub-channels have quasi similar BER resuhs, demonsteating onee again the UWE
performances of the multi-port.

Furthermore, because the transmitied svmbels are uncorrelated, the global BER can be
estimated using an analytical approach. The BER average is considered as the sum of the
BER related 10 each sub-channel [27] and iz obtained using the foflowing equation:

fL.
. ©(BER),. (24.34)

I
P = -
T Nologa Mo

In the previeus equation, Pg,, is the global emor probability (or BER} of the proposed
systemn, NV is the number of cartiers which are used, A is related to the modulation levels
or numiber of bits per symbol (for QPSK, M = 2}, and (BER), 15 the BER of each sub-
carrier,

Figure 24,20 shows the BER average curve of the system at 4 Ghvs, as well as the BER
corresponding to the single-carrier communication svstem at | Gh's, Itis obvious that, by
using the multi-carrier modulation techniques, for a BER = 1077, Eb/No should be
incremented by about 2 dB, which is not considered a critical disadvantage. In the
meanwhile, 8 noticeable high data rate of 4 (ihv's is attained,
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Conclusion

The chapier illusirates the interferometric concept proposed for V-band TPWE mult-gigabit’
second communication systems, As presenited, muli-pon circuits can successfully be used
in quadrature down-conyverters, antenna arrays, and direct modulation of millimeter wave
signals. An important advantage in using mult-pons is the reduced LO power requested
for down-conversion, This is particularly true in millimeter wave applications where the
recetved RF signal i considerably low, reducing both the cost of LO and the leakage
between LO and the BF input. Millimeter wave antenna arrays and direct modulators can
also take advaniage of this interferometric approach with compact and relighle designs.

Single- and mulfi-carrier architectures are analyzed using advanced sysiem simulations.
Despite amplitude and phase imbalances. due 1o inherent design and fabrication ermors of
the circwis, the U'WB multi-port systems provide excellent demodnlation results over the
i) GGHz hand. For example, the proposed wireless system is able to transmit 4 Gi's data-
rate up to 10 m range, providing a BER of 107", as requested for an uncoded HDTV
wireless trunsmission in home or office environments.

Future works will henefit from rapid advances in MMIC technologies to design
interferometric millimeter wave fransceivers for advanced communication, radar and
imaging svsiems.
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Covering everything from signal processing algorithms to
integrated circuit design, this complete guide to digital front-
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in the fields of signal processing, wireless communication, and
circuit design. Showing how theory is translated into practical
technology, it covers all the relevant standards and gives
readers the ideal design methodology to manage a rapidly
increasing range of applications. Step-by-step information

for designing practical systems is provided, with a systematic
presentation of theory, principles, algorithms, standards, and
implementation. Design trade-offs are also included, as are
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distortion (DPD), digital up-conversion (DUC), digital down-
conversion (DDC), and DC-offset calibration. Other impoertant
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