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The design and performance of a millimeter-wave video transmission system using 60-
GHz band for indoor broadcasting-satellite (BS) signals transmission is presented. This sys-
tem can transmit multiple video signals such as broadcasting signals and user-oriented sig-
nals to a television set indoors. To minimize the local oscillator’s frequency offset and
phase-noise effects, the system uses a self-heterodyne scheme. Based on the concept, the
system is developed to meet required carrier-to-noise-power-ratio (CNR) and 3rd-order
intermodulation (IM). The BS transmission was experimentally done by using the transmitter
and receiver setup. The results are very promising and show the feasibility of the system.
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1 Infroduction

Many systems using millimeter-wave
(MMW) bands have recently been developed
in the United States, Europe, and Japan. They
include home-use wireless-link systems (home
links), fixed wireless access systems (FWA),
multi-point video distribution systems
(MVDS), and wireless local area networks
(W-LAN)(11~81. In particular, the 60-GHz
band is considered suitable for short-range
wireless applications such as home-links
under high atmospheric attenuationis1. These
systems use the 60-GHz band to achieve high
bit-rate transmission across a wide frequency
band. The Telecommunications Technology
Council of the Ministry of Public Manage-
ment, Home Affairs, Posts and Telecommuni-
cations (formerly, the Ministry of Posts and
Telecommunications) was set up in Japan to
introduce systems using the 60-GHz band, and

regulations concerning this band were pub-
lished in August 2000. A MMW video-trans-
mission systemis] was earlier proposed by the
Council as a potential system using the 60-
GHz band.

The MMW video transmission system is
an alternative to the feeder line that can con-
nect outdoor broadcasting reception antennas
with indoor television set (TV). The video
signals (multiple broadcasting signals) are
transmitted on the MMW band in the system.
This system can effectively reduce the amount
of electrical wiring that is used in portable and
wall-mounted TVs. Such a reduction is an
advantage since these devices are becoming
more and more popular. The MMW band
appears to be especially suitable for wide-
band systems because broadcasting signals
require awide frequency bandr15).

When designing the MMW link for the
system, it must be ensured that the local oscil-
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lators of both the transmitter and receiver have
high frequency stability and low phase noise,
because the system uses the oscillators for the
frequency conversions. The transmitter con-
verts the input signal (source signal) into an
MMW band, and the receiver converts it the
regenerated source signal. To minimize the
degradation of the transmission quality in this
conversion process, a self-heterodyne scheme,
in which the local tone of the transmitter is
multiplexed into a transmission signal and is
used in the receiver with the help of a square-
law detector, was earlier developediioii 11171.
This scheme could sufficiently eliminate the
degradation from the phase noise and frequen-
cy offset.

One of the critical parameters in the
MMW link is the carrier-to-noise-power-ratio
(CNR) margin at a specified transmission dis-
tance, that is, the allowable transmission loss
in the MMW link. This margin mostly
depends on the effective isotropic radiated
power (E.I.R.P), reception antenna gain, and
noise figure (NF) of the reception amplifier.
In addition, the carrier-to-interference-power
ratio (CIR) of the MMW link is of great inter-
est, because signal's composed of multiple car-
riers will be strongly affected by the 3rd-order
intermodulation (IM3) distortion due to the
non-linearity of the power amplifier of the
transmitterri 2.

Several wireless transmission systemsi4](s
and RF devices7) for video transmission using
a MMW band have been developed. Howev-
er, to the best of our knowledge, the systemat-
ic design and application of these systems,
especially that using the self-heterodyne
scheme, have not yet been fully clarified.

In the next section, the concept of the
MMW video transmission system with some
assumptions is described. Next, the design of
the system based on the CNR link-budget and
IM3 distortion for BS (Japanese broadcasting-
satellite) signals transmission is introduced, in
which the remote-heterodyne scheme is used.
After that, the hardware setup and the charac-
teristics of the transmitter and receiver are
described. Next, to obtain the required CIR

for the BS signals transmission, the experi-
mental CIR by using an amplifier is reported.
We also discuss the experimental results
obtained using the developed transmitter and
receiver. Finally, we conclude with a brief
summary. Hereafter “BS’ is used as a recep-
tion BS signals on the intermediate-frequency
(IF) band (BS-IF).

2 System Concept

The conceptual image of the MMW video
transmission system is illustrated in Fig.1.
The feeder lines connected to the outside
antennas such as BS antenna, communication-
satellite (CS) antenna and terrestrial broad-
casting antenna are fed into one room in the
house. These broadcasting signals are multi-
plexed and transmitted on a MMW band from
a wall-mounted transmitter. The receivers on
the TV sets receive the MMW signal. Each
separated broadcasting signal is obtained after
de-multiplexing. Other signals, such as a
cable-television (CATV) and user-oriented
signals (a video-output signal from a video-
tape player, for example) may be simultane-
ously multiplexed at the transmitter.

The room shown in the figure has an area
of 19.4 m? (3.6 x 5.4 m) with a diagonal of 6.5
m (this size corresponds to the size of a 12-
tatami-mat Japanese room). For this room, a
propagation distance of 10m (including a 3.5-
m margin) is enough for the MMW link.
When the transmission loss due to the inside
wall in the house is small, the radiated MMW
signal can go through the wall into the next
room. Therefore, a direct propagation is basi-
cally assumed, the propagation across the wall
can also be considered for such a condition.

Hereafter it is assumed that the transmitter
and receiver can change the frequency band
by using frequency converters. That is, the
transmitter converts the signal into an MMW
band, and the receiver converts it back into an
original one. The transmission quality in the
conversions may degrade as a result of the
MMW:-link-margin reduction, the frequency
offset between the transmitter and receiver, the
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phase noise of the converter, and the IM3 dis-
tortion.

3 System Design for BS Signals
Transmission by the Millimeter-
Wave Self-Heterodyne Scheme

The system design for BS signals trans-
mission is given here. To determine the
requirements for phase noise and frequency
offset, the desirable performance parameters
of atypical BS converter installed on a para-
bolic antenna are listed in Table 11131114]. AS
shown in the table, the output signal of the BS
converter has a frequency f, plus a frequency

offset lower than 1.5 MHz (this means that
f,=f,£1.5 MHz, wheref, is the frequency of
the signal). In contrast, a desirable capture
range of atypical BS tuner’s automatic-fre-
guency-control (AFC) isf,+ 1.5 MHz (shown
as a digital-integrated-receiver-decoder’s
(DIRD’s) desirable performanceri141). The
alowable frequency offset on the MMW link
must therefore be within+ 1.5 MHz, which
corresponds to a 25 ppm deviation at 60 GHz.
The frequency converters of the transmit-
ter and receiver must have |low-phase-noise
characteristics. Because a converter usually
consists of a mixer and a local oscillator, the
transmission quality can degrade as a result of
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the phase noise of the local oscillator. To meet
the low-frequency-offset and low-phase-noise
requirements, a self-heterodyne schemer1011 1]
[171is used. In this scheme, the local tone is
multiplexed into an MMW BS signals at the
transmitter. The local tone and the MMW BS
signals are mixed in the square-law detector,
and the MMW BS signals are thus down-con-
verted at the receiver. Under this scheme, the
degradation of MMW transmission occurred
from the inferior phase noise or frequency off-
set can be almost eliminatedi101. To show the
effectiveness of the scheme, the phase-noise
performanceis listed in Table 2.

i[o]o][238 Phase-noise performance

Frequency offset [kHz] 5 10 | 100
IF Input signal [dBc/Hz] -98 | -104 | -117
Local tone [dBc/Hz] -45 | -49 | -80
IF output signal [dBc/Hz] -97 | -103 | -117

Fig.2 (a), (b), and (c), respectively, shows
the BS-IF frequencies, the channel alocation
for Japanese BS broadcasting151, and the fre-
guencies of the MMW band. From Fig.2 (b),
there are eight signals (channels) on the IF.
The BS digital broadcasting is assigned to BS-
1, -3, -13, and -15. The BS-IF frequency with
a range from 1.035 to 1.335 GHz (the center
frequency is 1.185 GHz) is up-converted to
the MMW band, and the signal in the MMW
band is down-converted to an IF signal. To
convert the BS-1F frequency to the MMW
band, the band-pass filter (BPF) of the trans-
mitter suppresses the undesired side-band sig-
nal without the local tone (shown as Lo in

Fig.2 (c), in which the lower side-band is
eliminated). When a single frequency con-
verter is used in the transmitter for hardware
simplicity, the RF in Fig.2 (¢) becomes to be
the local tone's frequency plus 1.185 GHz.
The output CNR at the receiver has previ-
ously been analytically derivediio, that is, the
power ratio of a detection signal (which is
made up of the product of local tone and the
BS signals) to a detection noise (which is
made up of the product of local tone, BS sig-
nals, and thermal noise) at the square-law
detector iscalculated. Theresult isgiven by
Pr )
8kTBE’
where Pr, k, T, B, and F are, respectively, the
total reception power including the local tone,
Boltzmann’s constant (1.38 x 10-%# J/K), the
ambient room temperature (typically, 300 K),
the sum of equivalent bandwidth for all BS
signals, and the noise figure. The scheme
gives the best CNR performance when the
transmission power of the BS signals equals
that of the local tone, because the detection
power of the signal is maximized. Equation
(1) means that the CNR using the MMW
remote-heterodyne scheme is 9 dB worse than
that using the usual down-conversion type
detection scheme. Although the 9 dB penalty
has to be paid in the scheme, it is very attrac-
tive that an inexpensive MMW local oscillator
device with inferior phase-noise and frequen-
cy-stability performances can be used in
home-use systems such as the MMW video-
transmission system. In addition, the local
oscillator is not needed at the receiver.

3.1 CNR Margin in the Link-Budget
Analysis

The system analyzed here is a relay link
between the satellite broadcasting link and the
MMW link. To evaluate the feasibility of the
system, the CNR margin must be estimated by
using Equation (1). For the cutoff CNR,
CNR,, @ the output of the relay link, 14 dB
for BS analog transmission and 11 dB for BS
digital transmission[13] are used.

Table 3 lists the specifications and
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obtained CNR margin for the satellite broad-
casting and MMW links. The calculated 10
dBm transmission power of the MMW trans-
mitter with a5 dBi antenna, and the calcul ated

1[s]s) =36} Specifications and obtained CNR margin

6 dB noise figure of the MMW receiver with a
30 dBi antenna, are 24.2 dB of the total CNR
value including that of the MMW link for
each BS signal. The CNR margin, which is

Values
Parameters —
BS analog BS digital
CNR at input of transmitter (CNRw) 25 dB
Number of channels 4 4
Modulation FM 8 PSK
Bandwidth/channel 27 MHz 34.5 MHz
Total power + 10 dBm
Transmitter (Locdl tone: + 7 dBm,
BS — IF: — 2 dBm/channel)
Antenna gain 5 dBi
Propacation bath Transmission distance 10m
pag P Path loss@ Free-space loss 88.0 dB@60 GHz
Antenna gain 30 dBi
: Total reception power(Pr) — 43 dBm
Receiver Noise figure 6 dB
Detection thermal noise(8KTBF) — 749 dBm
CNR for MMW link (CNRMMW) 31.9dB
CNR at output of receiver (CNRa),
CNRuu= i 1 i 24.2 dB
CNR=: T CNRuw
CNRuott 14 dB 11dB
CNR margin 10.2 dB 13.2dB
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defined as CNR,, —CNR,_,» for BS anaog
signal is 10.2 dB and that for BS digital signal
is13.2 dB. This margin enables the transmis-
sion distance to be increased and MMW links
to be established in buildings with inner walls
made of wood, paper, plaster, and clay, such as
those in atypica Japanese house.

3.2 Analysis of Intermodulation Distor-
tion for BS Signals Transmission

The MMW video transmission system
must transmit multiple carriers through an
amplifier. As aresult, in addition to the ther-
mal noise, additional IM noise due to the
transmission of multiple carriers will occur. It
is a significant factor in the overall perform-
ance of the system and has been analyzed in a
study on satellite communication systemsi12],
where the distribution of the IM products is
derived for uniformly spaced multiple-carriers
with the same amplitudes. Because BS sig-
nals transmission involves eight carriers, the
system generates the same IM products as
those generated in satellite communication
systems. However, in terms of modulation,
BS signals transmission is different because
there are two types of carriers in the BS fre-
guency-band and they are spaced uniformly.
One is FM with a bandwidth of 27 MHz for
analog broadcasting, and the other is 8 PSK
with a bandwidth of 34.5 MHz for digital
broadcasting. Therefore the measuring of the
IM distribution becomes difficult.

If the several signals go through a non-lin-
ear amplifier, new frequency products are gen-
erated that are harmonically related to the
input-signal frequency. Many of these prod-
ucts are outside of the frequency band of inter-
est; that is, some are higher-order products
that are at such low level that their analysisis
of little importance. Normally, the IM prod-
ucts of interest are those of the lower order,
such as 2nd- and 3rd-order or those that exist
in the pass-band of the system. In particular,
IM3 products generate signals that are very
close to the original signals, thereby degrading
the original signals when the system transmits
signals with more than two carriers in their

bands. Therefore, because the system
processes BS signals, which have eight carri-
ersin their band, it should be designed to take
into account the IM 3 products.

The IM3 products can be classified into
two main categories: two-tone (2f, —f,) type
products and three-tone (f, + f,—f.) type prod-
ucts. The two-tone and three-tone products
are harmonically generated and are related to
two and three input signals, respectively.
When we assume that N carriers (f, f,, . . .,
fN) are input into an amplifier and the fre-
guency interval of each carrier isthe same, the
number of two-tone and three-tone products
that fall in the k-th carrier can be given by
equations (2) and (3), respectivelyii2iier.

DZ(N,k):%[N—Z—%{l_(_l)N}(_1)k] )

Dy(N,k) = %(N—k +1) + %{(1\1—3)2 =]

S S (S U ©)
Table 4 shows the number of IM3 products
that fall on the transmitting channels calculat-
ed by using the above two equations.

1[e]o) =08} Number of IM3 products that fall on
the transmitting channels

Channel| BS-1 | BS:3| BS'5 | BS7| BS9 BS-11/BS13/BS-15

Number
ofIM3|| 3| 3| 3| 3|3 ]3] 3|3
(2-tone)

Number
ofIM3| 9 |12 |14 |15 | 15| 14| 12 9
(3-tone)

From the point of power of the IM3 prod-
ucts, the power of the three-tone products is
four times larger than that of the two-tone
productsi12). The relationship between the
CIR and the 3rd-order intercept-point (1P3) of
the device is expressed by the following equa-
tion:

IP3= % +P,_ (dBm), 4

out

> 1S the output power per channel bf
each signal and suppression level Spl, can be
expressed as

where P,
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Sply = CIR +10log,, {D,(N, k) +4x D;(N k)}  (5)
Equations (4) and (5) give the CIR asfollows.

CIR =2x(IP3 -P,,)-
10log,, { D,(N, k) + 4x D;(N )} (6)

When an amplifier with a known IP3 ampli-
fies BS signals with the same power, required
CIR is obtained from Equation (6) by substitu-
tion of the signal’s power, P,,, at the output of
the amplifier when the video signal’s quality
becomes worse. Then IP3 can be obtained
from Equation (4) and (5) at a designed P,
using the required CIR.

ut

4 Hardware Description

Based on the analytical link-budget shown
in Table 3, a transmitter and receiver set that
uses a new microwave-monolithic-integrated-
circuit (MMIC)-based RF module for the
MMW self-heterodyne scheme was devel-
oped. The built-in module of the transmitter
has a flat antenna. To ensure the gain of the
antenna of the receiver is high, a circular
waveguide array antenna with an inexpensive
plastic base was used. For performance com-
parisons, a structurally similar antenna with an
aluminum-base is also developed. The MMW
video-transmission system specifications are
summarized in Table 5.

i[o]o) X MMW video-transmission system
specifications

Local tone (Lo) 59.010 GHz
RF frequency (RF) 60.195 GHz
Total power 10 dBm
Local oscillator’s | -45 dBc/Hz@5 kHz
Transmitter phase noise -49 dBc/Hz@10 kHz
(measured value) |-80 dBc/Hz@100 kHz
Antenna gain 5 dBi
Noise figure 6 dB
Receiver | Local oscillator Unnecessary
Antenna gain 30 dBi

4.1 Transmitter

Fig.3 shows a block diagram of the trans-
mitter, including the RF module and a DC-
power-supply circuit. The up-converter of the
module consists of a double-balanced FET
mixer, a gain-controlled amplifier, a doubler,
and a dielectric-resonant-oscillator (DRO). A
gate-bias voltage is applied in the FET mixer
and is made from V,, inside the module (the
voltage can be controlled at adjustment point
1). Fig.4 shows the up-converter output
power for the RF signal and the local tone
against the gate-bias voltage under |F input
power of —15dBm and the IF frequency of
1.1 GHz. The figure shows that the gate-bias
voltage can control the output power for the
RF signal and the local tone. This is because
the balanced point and the conversion loss of
the mixer are changed. To leak the local tone,
the mixer is used as an “un-balanced” point.
From the figure, we can see that an equal
power distribution between the RF signal and
the local tone can be obtained when the gate-
bias voltage is—0.4V. The power of the RF
signal and that of the local tone as a function
of the local input power (the power can be
controlled at adjustment point 2) is also shown
in Fig.5, which shows that the up-converter
output power for the RF signal and local tone
can be linearly controlled by the local input
power. Thus— 0.4V is set as the gate-bias
voltage.

The RF module in the transmitter (package
size: 50 x 23 x 6.5 mm) is shown in Fig.6. A
patch antenna (planar-antenna, 1.60x 1.13
mm) with linear polarization is mounted with-
in the module. The window is made of a
borosilicate-opague glass and is hermetically
sealed.

The IF-input power vs. RF output power
of the transmitter is shown in Fig.7. When the
IF input power is— 15 dBm, the RF output
power and the local tone's power are equal,
and each RF output power is 7 dBm. In this
case, the compression level of the image sig-
nal (that corresponds to the lower side-band)
iIs— 22 dBc when the IF input power is—15
dBm.
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4.2 Receiver

Fig.8 shows a block diagram of the receiv-
er. The receiver consists of the array antenna,
the RF module, and a DC power supply cir-
cuit. The RF module consists of two ampli-
fiers, a single-ended FET mixer, and a band-
pass filter. The mixer is used as a square-law
detector. The appearance and the package
dimensions of the receiver are the same as
those of the transmitter except for the V-band
connector (shown in Fig.9). Fig.10 plots RF
input power vs. |F output power of the receiv-
er. The RF input power is equivalent to total
reception power including RF signal power
and local tone power. Two MMW tones with
59.01 GHz (local tone) and 60.11 GHz, and
the same power are fed into the module.
According to the figure, when the total recep-
tion power is —53 dBm, IF output power is
about —46 dBm. This means that the conver-
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sion loss of the module is about 10 dB when
the reception signal power is 3 dB below the
total reception power. The measured phase-
noise characteristics of the receiver is shown
in Table 5. It is clear that the phase-noise
power is less than— 100 dBc/Hz at 10 kHz
frequency-offset.
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4.3 Reception Antenna

Fig.11 and 12, respectively, show the
schematic structure and a photograph of the
developed 16 x 16 circular-waveguide-array
antenna. Each element of the array is distrib-
uted using a strip-line. Two antennas, with the
same structure and shape but with bases made
of plastic (a syndiotactic-polystyrene with
gold plated) and aluminum, were fabricated.
The syndiotactic-polystyrene base can be
made by injection molding in order to reduce
the cost.

The circular waveguide of the antenna
(diameter: 3.5 mm) has only a single mode at
the V-band. Its cutoff frequency for
TE11lmode is 50.2 GHz and that for higher-
order modesis 65.6 GHz. The aperture size of
the antennais 71 x 71 mm. For power distri-
bution, strip-line parallel feed with a quarter-
wavelength transformer is used. PTFE (a
polytetrafluoroethylene) is used as a dielectric
substrate. For the connection from the circu-
lar waveguide to the strip-line, and from the
strip-line to the coaxial line, the size is opti-
mized using an electromagnetic simulator. We
also made the output port of the antenna a V-
band connector.

(7le MR R Schematic structure of 16X 16 array
antenna
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7]e WPl Photograph of 16X 16 array antenna
(left: aluminum-base, rigit: plastic-base)

Measured far-field patterns of the plastic-
base antenna for the E- and H-planes at 60
GHz are shown in Fig.13(a) and (b), respec-
tively. A near-field methodi1s] is used in the
measurement. As a power of each element is
uniformly distributed, the sidelobe level is
about — 11dB. The full beam width at half
maximum of gain for this antenna is around
3.7 degrees for E- and H-plane.
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antenna

To measure the gain of this reception
antenna on the frequency, a standard horn
antenna with a known gain is measured for

various frequencies. Next, the gain of the
reception antennais also measured for various
frequencies. The gain can be obtained as
compared with these two gains. The near-
field method is aso used in the measurement.
The measured gains of both antennas are
shown in Fig.14 as a function of frequency.
As the interface of the antenna is the V-band
connector while that of the near-field measure-
ment system is the waveguide, a waveguide-
to-coaxial adapter was used in the measure-
ment. The measured antenna gain shown in
the figure includes the loss (within 0.5 dB) of
the adapter. We can see that the measured
gains of both antennas are aimost the same.
The obtained gain of the plastic-base antenna
isaround 30 dBi for 58 GHz at maximum, and
around 27 dBi at 55 GHz and 64 GHz. There-
fore the flatness within 3 dB is obtained for 9
GHz band. This bandwidth is 15% at 60 GHz.

The efficiency,  , is calculated from the
following equation,

G=4m(A/2%) n, @)

where G, A, and ) are, respectively, an anten-
na gain, an aperture size, and a free space
wavelength. The efficiency of the antenna is
calculated to be 37%. Such awide bandwidth
(9 GH2z) shows that this planar antenna struc-
ture is suitable for wide-band applications
such as our system. The plastic- and alu-
minum-based antennas have almost the same
antenna gain as well as other characteristics
such as a reflection property and a radiation
pattern.

Anlenna Gain(dBi)

10 = —®—Plastic antenna B
—4+— Aluminum antenna

1
50 55 60 65
Frequency(GHz)

[Zle W F“8 Antenna gain of plastic-base and of
aluminum-base antennas
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5 Experimental Performance of BS
Signals Transmission

First, the required CIR for the BS analog
and digital signals in an experiment based on
subjective evauation is calculated. Then, by
using the required CIR, the required IP3 for
the power amplifier of the transmitter is esti-
mated. An experimental BS signals transmis-
sion by using the developed transmitter and
receiver is aso performed.

5.1 Experimentally Measured Inter-
modulation Products

Fig.15 shows the experimental setup for
evaluating IM3 products. An actual BS recep-
tion signals are used for this experiment. An
IF amplifier is used as a non-linear device that
makes IM noise. In the experiment, the level
of the signal input into the IF amplifier is
changed by using a variable attenuator (ATT-
1). When the level of the signal input is
increased, the quality of the video signal on
the monitor becomes worse because of the IM
noise. When any degradation of the video sig-
nal’s quality can be recognized from a visual
inspection, the level of the signal input into
the IF amplifier is measured. More IM3 prod-
ucts are generated in the center of the trans-
mitting band than around the edges of the
bandi12). Both the BS-7 (BS analog) and BS-
3 (BS digital) signals are measured because
they are the nearest channels to the center of
the band. The IF amplifier with a gain of 18
dB and IP3 of 26 dBm is used.

Monitar
ES antenna Converter/ A}l/1 H IF amp H ATT-2 i3
Booster A Tuner

IF amp input

l7[e W N Experimental setup for evaluating
IM3 products

Table 6 lists the level of each BS signal’s
input into the IF amplifier (shown as “IF amp
input” in Fig.15) when a degradation (a beat
pattern on the monitor) is observed in the BS-
7 channel. Table 7 also shows the level of

each BS channel’s input into the IF amplifier
when a degradation (an impulse block noise)
is observed in the BS-3 channel. From these
Tables, we can see the difference in level is
1.5 dB from Table 6 and 2. 0 dB from Table 7
among eight BS channels. Thisis because the
actual reception power from the BS converter
itself includes a difference.

fe]o][=X-3| Level of each BS signal's input info
IF amplifier when a degradation
occurred in BS-7 (BS analog)

Channel| BS-1| BS-3| BS-5| BS7| BS9 BS11BS-13)BS-15

Power
[dBm]

-13.5-13.5/-13.0-13.0-12.0-12.0-13.0-13.5

ite]o) 234N Level of each BS signal's input info
IF amplifier when a degradation
occurred in BS-3 (BS digital)

Channel| BS-1| BS-3| BS-5|BS-7| BS9|BS-11BS-13 BS-15

Power

[dBm] -7.1|-7.1|-55|-55|-55]-55|-71|-75

By substituting 1P3, P,,, D,(N, k), and
D,(N, k) for Equation (6), the required CIR for
BS-7 and BS-3 channels can be calculated as
follows:

CIR=2(26-Pou:)-10log10(3+4 X 15)
=34-2P,,, (dB), for BS-7 (®

CIR=2(26-P0)-10log;o(3+4 X 12)
=34-9'2Pour (dB), for BS-3 (9)

Although it is needed that all BS signals have
the same power level in our analysis described
in Section 3.2, there is a difference among BS
signals. To include the difference, the maxi-
mum and minimum levels in each Table are
used hereafter. In this case, P, is—12.75+
0.75 dBm plus the amplifier’s gain for BS-7,
and—6.5+1.0 dBm plus the amplifier’s gain
for BS-3. By substituting P,, for Equations (8)
and (9), the required CIR for BS-7 and BS-3
channels can be obtained.

The required IP3 is also calculated from
Equations (4) and (5) in which the transmis-
sion power for each BS channel, P, is
assumed to be —2 dBm. The CIR and

required 1P3 are summarized in Table 8.
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It is clear from Table 8 that the BS digital
channel (BS-3) is around 12 dB more robust
against the interference power than the BS
analog channel (BS-7). The analog channel
also requires a higher IP3 (around 19 dBm).

i[e]o)[=0: ]| Required CIR and IP3 for non-linear
devices for BS-7 and BS-3

Channel BS-7 (analog) | BS-3 (digital)
Required CIR [dB] 23515 119+ 20
Required IP3 [dBm] | 18.75 %= 0.75 12510

5.2 Experimentally measured CNR Per-
formance

Fig.16 shows the experimental system
setup. Fig.17 shows photographs of the trans-
mitter and receiver. The bandwidth of the
transmitter and receiver was tuned to 300
MHz in order to evaluate the performance of
the BS signals transmission system.

BS signas in the 1-to-1.3 GHz band from
the parabolic BS antenna were input into the
transmitter. The transmitter up-converted the
input signals into 60-GHz band signals and
transmitted them from the 5-dBi patch anten-
na. The receiver, which had a 30-dBi planner

Transmitter Recaier Mariter
a / B0GH. bard
Ay S -
BS antenna

BS-IF input BSF aufput

[Z[e W I} Experimental system setup

o R SRR
S Bk AT LB
'g‘ﬂlﬂlﬁ&)ﬂﬁ
Q01

(a) Transmitter (front and back)

IZ[e WV A Transmitter and receiver

array antenna, amplified the received MMW
signals and down-converted them into BS-IF
signals. The signals were fed into the BS
tuner. To measure the CNR , the BS output
signals are connected to a spectrum analyzer
instead of the BS tuner. When the output
power of each BS signal is measured, center
frequency and bandwidth of the analyzer are
set for each BS signal’s center frequency and
bandwidth because this system handles multi-
carrier signal.

Fig.18(a) and (b), respectively, show the
power spectrum of the BS input at the trans-
mitter and that of BS output at the receiver for
a transmission distance of 10 m. The lower
two signals and upper two signals are BS digi-
tal channels, and the four middle signals are
BS analog channels. We can recognize that
the spectrum at the receiver is amost the same
as that at the transmitter, and particular fre-
guency response is not observed on the IF
band.

Fig.19 shows the experimental CNR
before and after the MMW transmission (10-
m transmission distance). The CNR of the BS
output is degraded about 1 — 3 dB compared to
that of BS input. From the link-budget analy-
sis shown in Table 2, the CNR_,, for the BS
analog and digital signals transmission is 24.2
dB when CNR,, is 25 dB. This aso means
that the CNR of BS signals degrade 0.8 dB
after the MMW link. The performance degra-
dation in the experiment is slightly worse than

(b) Receiver
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ATTEN 184B
RL_@dBm

i ST i

SPAN S@0. BMHz
SKP 50, Bmsa

CENTER 1.186 GHz
RBW 1 @MHz UBW 1 DMH:

(a) BS-IF spectrum at transmitter input.
[7le WE-N Power spectrum of BS-IF

| Distance=10m

@ 25 -
3 i
%20 |
= t |
g0 .
5 i BN BS-IF input |
[ BS-IF output
0 -

1 3 5 7 9 11 13 15
BS channel number

7]e WA Experimental CNR before and after
MMW transmission

that of the analytical value. It can be thought
that the difference comes from the uneven
input power of BS signals or hardware imper-
fections, while the uniform input power is
supposed in our analysis.

CNR is more than 20 dB for MMW trans-
mission of over 10 m, which meet the required
CNR values of 14 dB for BS analog signals
and 11 dB for BS digital signals. In thistrans-
mission case, we did not observe any degrada-
tion in video quality either with or without the
MMW transmission link. From these results,
we can conclude that our system is realistic.

ATTEN 1@dB
R. -1@.@dEn  lBdBs

59d |9 nﬂfz :
1

CFNTER 1 1860GFH 3z
REW 1. 8MHz UEN 1 Bz

SHFAN S@8. Z2rMHz
SHP S2. Bmns

(b) BS-IF Spectrum at receiver output.

6 Conclusion

This paper presents the design and per-
formance of a MMW video transmission sys-
tem using 60-GHz band for indoor BS signals
transmission. A selt-heterodyne scheme is
used in the system. Based on the concept, we
designed the system by using a CNR link-
budget and an IM3 analysis. The transmitter
and receiver setup and its characteristics are
also presented. To find a required CIR and
IP3 of apower amplifier in the transmitter, we
used an amplifier with a known gain and IP3
in the experiment based on our subjective
evaluation. The feasibility of the system is
experimentally verified by using a transmitter
and receiver setup we developed. In the
MMW transmission experiment over a dis-
tance of 10 m, CNR was more than 20 dB
when the transmission power was 10 dBm,
and high-quality video signals were generated.
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