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Abstract—We have developed a millimeter-wave remote self-
heterodyne transmission system that enables extremely stable
and low-cost broad-band transmission in the millimeter-wave
band. The system was applied to a 60-GHz-band transmission
system for the first time. The transmitter of the developed system
transmits RF modulated signals and a local oscillation signal
simultaneously, and the receiver detects these signals by using
a square-law-type detection technique, thus creating a very
stable and low phase-noise millimeter-wave transmission link
without the use of an expensive and more advanced frequency-
stabilization technology. Since the receiver no longer requires a
millimeter-wave oscillator for frequency conversion, the devices
used in this system can be miniaturized and the cost of the system
can be reduced. This paper discusses the performance of the
developed system in terms of its phase-noise degradation and
carrier-to-noise power ratio (CNR). We also discuss the optimal
transmitter design to obtain the maximum CNR. Using our
miniaturized monolithic millimeter-wave integrated-circuit-based
60-GHz-band experimental system, we demonstrate that our mil-
limeter-wave transmission link is completely free of phase-noise
and frequency-offset degradation due to the use of a millimeter-
wave local oscillator. We show that equal transmission-power
distribution between the RF signal and local carrier gives the
maximum CNR under the transmission-power-limited conditions.
Also, we demonstrate that QPSK-modulated satellite broadcast
multichannel video signals with a 300-MHz bandwidth, in total,
can be successfully transferred over a distance of 8 m.

Index Terms—Carrier-to-noise power ratio, frequency-offset
cancellation, millimeter wave, phase-noise cancellation, self-het-
erodyne, 60-GHz band, square law.

I. INTRODUCTION

W IRELESS systems using a millimeter-wave band are ex-
pected to enable both very high-capacity wireless trans-

mission and the miniaturization of devices used in the systems.
Various kinds of millimeter-wave applications have been dis-
cussed all over the world and in Japan. They includes a high-
speed wireless local area network (LAN) [1], a wireless home
link (wireless IEEE 1394 transmission system) [2], a fixed wire-
less access system [3], and a video transmission system for
households [4]–[7].

Among these, the video transmission system is the simplest
millimeter-wave application because this system is a one-way
redistribution system for households of received terrestrial or
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Fig. 1. Millimeter-wave video transmission system.

satellite-broadcast video signals, and we believe that it will be-
come the first common millimeter-wave application in house-
hold use. Fig. 1 illustrates a millimeter-wave video transmission
system for household use. Terrestrial, satellite-broadcast, and/or
cable television (CATV) signals are redistributed throughout the
house by using millimeter waves. Thus, a TV set can be placed
anywhere in the house without the need for troublesome wiring.

In spite of the existence of a very broad bandwidth [8] and
a simple millimeter-wave application such as that in video
transmission systems, millimeter-wave signal transmission
has been very difficult to introduce and its use has not yet
become common because of a serious problem that still has to
be overcome. The up-conversion of a signal onto a millimeter-
wave-band signal seriously deteriorates the phase-noise and
frequency-stability characteristics of the transmission link and,
as a result, the signal quality seriously degrades or it becomes
impossible to demodulate the signal under certain conditions,
especially when we transfer a signal digitally modulated by
such schemes as phase-shift keying (PSK), quadrature am-
plitude modulation (QAM), or orthogonal frequency division
multiplexing (OFDM)[10]–[12]. For example, a digital satellite
broadcasting service using communication satellites (CSs),
which can be a target for millimeter-wave video transmission
systems, has been provided in Japan by using a bandwidth
of over 500 MHz in a QPSK-modulation format. However, it
requires that such systems have phase-noise characteristics of
less than 52, 70, and 80 dBc/Hz for 1-, 5-, and 10-kHz
frequency offset, respectively [9].

We can reduce this degradation by using a very stable mil-
limeter-wave local oscillator with excellent phase-noise charac-
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Fig. 2. Configuration of millimeter-wave self-heterodyne transmission system and receiver model.

teristics as those of an oscillator used in recent measurements.
However, we found that creating such a small and stable oscil-
lator for the millimeter-wave band is technically very difficult
and expensive even with the use of an advanced frequency sta-
bilization technique [13]–[15]. We thus concluded that it is very
difficult to both miniaturize apparatus and reduce the phase-
noise power well enough to enable the transmission of highly
efficient digitally modulated signals if we use a conventional
millimeter-wave system configuration.

A number of effective solutions to avoid the phase-noise
problem have already been reported. The use of a primitive
modulation technique, such as amplitude-shift keying (ASK)
or frequency-shift keying (FSK), enables a millimeter-wave
data-signal transmission tolerant of phase-noise and frequency
offset [1], [2]. However, the use of these modulation techniques
degrades the sensitivity of the receiver and efficiency of
frequency. The use of differentially encoded modulation, such
as differential phase-shift keying (DQPSK) combined with dif-
ferential-delay detection, is effective for removing phase-noise
disturbance [18]. However, this technique limits the type of
modulation used and cannot be applied to millimeter-wave
transmission systems that must be transparent to the modulation
format, such as video transmission systems. Another effec-
tive technique is secondary modulation, whereby the carrier
is modulated using amplitude or frequency modulation by
modulated subcarriers, as in QAM/AM or QAM/FM systems
[19], [20]. However, this technique is not suitable for low-cost
broad-band signal transmission in the millimeter-wave band
because currently available modulators cannot handle very
broad-bandwidth signals.

To solve the above problems, we developed a millimeter-
wave signal transmission system that uses a self-heterodyne de-
tection scheme. The transmitter transmits an RF signal together
with a local carrier used for up-conversion, while the receiver
only down-converts the RF signal by using self-heterodyne de-
tection, i.e., by mixing the received RF signal with the received
local carrier. This system can, in principle, eliminate the ef-
fects of phase noise and frequency offset generated at the trans-
mitter because the signal and local carrier received have the
same phase-noise and frequency-offset characteristics. The self-
heterodyne detection is enabled by using a square-law-type de-
tection technique at the receiver. As will be described in Sec-
tion II, this system has a very simple configuration and it can be
used at a lower cost compared to that of conventional wireless
systems that use a pilot-insertion technique to recover a coherent
carrier at the receiver [16] or a technique of a self-oscillating

mixer (SOM) [17] because it does not need a special function to
insert a pilot tone at the transmitter, nor any special carrier re-
covery function, nor a local/reference oscillator itself at the re-
ceiver. In addition, our system does not cause any delay in recov-
ering a phase-locked synchronized carrier, thus enabling a very
fast response to the frequency jitter can be expected. However,
this direct transmission of a local carrier with an RF signal is
possible only if there is a very broad bandwidth where the local
frequency and the RF signal are included in the signal band.

On the other hand, the millimeter-wave transmission system,
especially our target unlicensed 60-GHz-band wireless system
for households, is not plagued by problems of multipass fading
and interference. The millimeter-wave transmission link is
based on a line-of-sight path, and the use of a comparatively
high-gain antenna eliminates any undesired reflected or inter-
fering signals in most situations.

The remainder of this paper is organized as follows. Section II
describes the system configuration and design requirements for
a millimeter-wave self-heterodyne system, and also explains
how phase noise and frequency offset are canceled. Section III
analyzes the carrier-to-noise power ratio (CNR) obtained for
this system, and discusses the optimal transmitter design that
gives the best CNR performance under transmission-power-lim-
ited conditions. Section IV describes the results of experiments
using our miniaturized millimeter-wave system, and discusses
the results obtained experimentally in Section III. Section V
presents the results of our experimental transmission of multi-
channel video broadcasting signals having a QPSK-modulation
format and a 300-MHz bandwidth in total.

II. SYSTEM CONFIGURATION AND PRINCIPLE OFOPERATION

Fig. 2 shows the configuration of our millimeter-wave self-
heterodyne transmission system. The configuration is quite sim-
ilar to that of a conventional frequency up- and down-conversion
system. The transmitter consists of a millimeter-wave oscillator,
a mixer, a bandpass filter, and an amplifier. In our system, the
transmitter simultaneously transmits a local carrier and an RF
modulated signal. Therefore, the mixer, bandpass filter, and am-
plifier must be designed to pass both an RF modulated signal
and a local carrier. In conventional frequency-conversion sys-
tems, the output of the mixer includes not only an RF signal,
but also a local carrier and an image signal, and the bandpass
filter following the mixer is designed to reject both. Our system,
however, does not have to reject a local carrier.
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As will be discussed in Section III, there is an optimal trans-
mission-power distribution between a local carrier and an RF
signal under transmission-power-limited conditions. We can
easily change the power distribution by adjusting the IF input
power or the frequency characteristics of the bandpass filter.

The receiver amplifies the received RF signal and local carrier
and feeds them to a nonlinear device that works as a square-law
detector. The RF signal is mixed there with the local carrier
received, and a down-converted IF signal is obtained.

If we assume that the IF signal to be transferred is an unmod-
ulated carrier with frequency , all the signals received at the
receiver are represented by

(1)

where , and are, respectively, the
received signal power, received local-carrier power, angle
frequency of the local carrier, angle frequency of the IF signal,
phase-noise included in the local carrier, and receiver noise.
Note that the RF signal represented by the first term in (1)
includes the phase noise as a result of up-conversion at
the transmitter (mixing the IF signal with the local carrier).
The square-law device into which these signals are fed has as
its output

(2)

You can see from (2) that six terms appear in the output: the
first term is for the signal times signal , the second one
is for the local carrier times local carrier , the third one is
for the noise times noise , the fourth one is for the signal
times noise , the fifth one is for the local carrier times
noise , and the last one is for the signal times local car-
rier . All these terms contain a low-frequency component
with a frequency near and a high-frequency component with
a frequency near . Since all the high-frequency components
can be eliminated by bandpass filtering after the square-law de-
tection, we neglect them in the following equations.

The last term in (2) can be reduced to the detected IF
signal as follows:

(3)

You can see from (3) that the detected IF signal does not include
the phase-noise term and is independent of the local-carrier
frequency. This means that the phase noise and frequency offset
caused at the transmitter can be eliminated by using this type of
detection. Furthermore, you can easily see from (3) that

gives the highest detected IF-signal power when the total
transmission power is limited.

Fig. 3. One-sided power-spectrum density of a received signal.

In the above discussion, we assumed an unmodulated IF
signal and proved that phase-noise- and frequency-offset-free
transmission is possible. In reality, however, an IF signal has a
bandwidth of , and the term
in (2) generates second-order distortion components that will
appear in the frequency band of , as shown in Fig. 2.
Thus, it is obvious that, to keep the second-order distortion
components from disturbing the detected IF signal, the IF
signal for our system must satisfy the following condition:
the highest frequency included must be lower than twice the
lowest frequency included. This condition is represented by the
following inequality:

(4)

III. T HEORETICAL ANALYSIS OF CNR PERFORMANCE

A. Derivation of Theoretical CNR Representation

To derive a theoretical representation of the CNR perfor-
mance, we assume that the RF signal has a rectangular power
spectrum with bandwidth and power-spectrum-density level

(see Fig. 3).
To find the spectral contributions due to the

and terms, we assume that the noise is bandlimited white
noise with power-spectrum-density level, bandwidth ,
and center frequency (see Fig. 3). We also assume that the
bandpass window passes both the RF signal and local carrier
and that there is an additional guard bandwidthin the upper
and lower frequencies, which is the same for both frequencies,
as shown in Fig. 3.

The contributions of the low-frequency components of
and to the two-sided power-spectrum density

can be derived by considering the superposition of each power
spectrum or the Fourier transform of their autocorrelation func-
tion [21]. These contributions are given by (5)–(7), shown at the
bottom of the following page. Fig. 4 shows the power-spectrum
density of a square-law-detected signal. Using (3) and (5)–(7),
we can express the CNR of the square-law-detected IF signal as

(8)
Here, we assume the receiver model also shown in Fig. 2.

It includes, besides the square-law detector, an antenna with
equivalent noise temperature, an amplifier with noise figure

, and a bandpass filter with bandwidth . If we further
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Fig. 4. One-sided power-spectrum density of a square-law-detected signal.

assume that each power spectrum of the above detected noise
components and has bandlimited
white noise shape with the peak power level shown in (5)–(7),
we can reduce (8) to

(9)

where is the total received power, and is the ratio of the
local-carrier power to the signal power. Here, and are
given by

(10)

and

(11)

where and are, respectively, the total transmission
power (i.e., the sum of the signal power and the local-carrier
power), total antenna gain, wavelength, and transmission dis-
tance.

B. CNR Performance and Optimal Transmitter Design

Fig. 5 shows CNR as a function of power ratiofor different
transmission distances. The parameters used in the calculations
are listed in Table I. Note that the total transmission power was
always fixed at 0 dBm. You can see from the figure that

dB gives the best CNR performance. At a point near
dB, the CNR gradually decreases asleaves the 0-dB point,

and an increase (or a decrease) inby 10 dB degrades the CNR

Fig. 5. CNR versus local-to-signal power ratio for different transmission
distances.

TABLE I
CALCULATION PARAMETERS

by 5 dB. However, an additional increase (or a decrease) in
by over 10 dB (i.e., at a point of or dB) causes
greater CNR degradation of approximately 9 dB. As a result, we
must design a transmitter that would enable equal transmission
power distribution between the signal and local carrier.

As for the CNR dependence on the transmission distance,
you can see from Fig. 5 that doubling the transmission distance
decreases the CNR by 6 dB. This rule is the same as that for
a conventional down-conversion-type receiver equipped with
a local oscillator, and may be easily acceptable because dou-
bling the transmission distance causes an additional transmis-
sion loss of 6 dB. Note, however, that our result comes from the
fact that doubling the transmission distance causes a 12-dB de-
crease in the detected signal power, but also a 6-dB decrease in
the detected noise level as well, as seen in (9). In addition, note
that this rule can be applied only if the noise power before the

elsewhere
(5)

elsewhere
(6)

elsewhere

(7)
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Fig. 6. CNR versus total transmission power for different transmission
distances.

square-law detection dominates the CNR performance in the re-
ceiver. If the conversion loss of the square-law detection is large
and the noise power after the detection dominates the CNR per-
formance, doubling the distance, therefore, decreases the CNR
by 12 dB.

Fig. 6 shows CNR as a function of the total transmission
power for different transmission distances when . You
can see from this figure that the CNR is proportional to the total
transmission power, and a CNR of 34 dB can be obtained with
a 10-dBm transmission power under the conditions shown in
Table I.

Finally, we will consider the case when and
. Here, (9) can be simplified as follows:

(12)

This means that the CNR obtained with this self-heterodyne de-
tection system using a square-law-type detection technique is
essentially 9 dB worse than that obtained with a conventional
down-conversion-type receiver having the same noise figure,
and that the CNR is reduced by 6 dB if the range is doubled,
which is what can be expected in conventional up- and down-
conversion systems.

IV. EXPERIMENTAL DEMONSTRATION USING 60-GHz-BAND

GaAs MMIC-BASED SYSTEM

A. Experimental Setup

Fig. 7 depicts a photograph of the RF transmitter and receiver,
and Fig. 8 shows our experimental setup. The RF transmitter
used was a GaAs monolithic millimeter-wave-integrated circuit
(MMIC)-based RF module that included a voltage-controlled
oscillator (VCO), frequency doubler, mixer, bandpass filter, and
amplifiers in one 50 23 6.5 mm package [5], [22]. This RF
module was originally developed as a general millimeter-wave
up-converter module. Thus, local and image components are re-
jected at the output. For our purposes, we tuned a transmitter to
transmit both a local carrier and a signal by choosing a bandpass
filter with gradual cutoff characteristics to pass the local fre-
quency. The VCO was a dielectric-resonator oscillator (DRO)
and its phase-noise characteristics after doubling the frequency

Fig. 7. Transmitter and receiver.

are shown in Fig. 9. A patch antenna with a gain of 5 dBi and
wide-beam characteristics was also included in the transmitter
module. The two-sided 3-dB angle of the antenna was approxi-
mately 90.

The receiver was a similar GaAs MMIC-based RF module,
which was also developed as a general millimeter-wave down-
converter that can accept an external local oscillator. However,
in our experiment, we used the receiver without inserting any
local-oscillator signal. As a result, the FET-type mixer in the re-
ceiver module worked as a square-law device. RF signals were
received with a dielectric-resonator antenna with a gain of 30
dBi,and fed to thisRFmodule.Thebeamwidthof the receiveran-
tenna was very narrow and its two-sided 3-dB angle was less than
5 . This configuration enabled the receiver to avoid receiving sig-
nals from an undesired reflected path and accept only the desired
line-of-sight path signals generated at the transmitter.

We used two measurement-signal generators (HP8648C) to
generate transmitted signals in the IF band. We used a spectrum
analyzer (HP8565E) with a phase-noise measurement utility
(HP85671A) and an external IF-band amplifier to measure the
carrier power and phase-noise characteristics at the receiver
side.

In the first step of our experiments, we carefully pointed the
receiver antenna at the transmitter by transferring an unmodu-
lated carrier and adjusting the antenna direction to obtain the
maximum IF detected power. This pointing was not so difficult
to do despite the use of such a high-gain antenna because the
transmitter-antenna pattern was very broad and we had to care-
fully adjust only the receiver side. Some important specifica-
tions of the experimental setup are listed in Table II.

B. Demonstration of Phase-Noise Cancellation

First, we observed phase-noise cancellation. We input a single
IF carrier with a 1.5-GHz frequency to the transmitter, and mea-
sured its phase-noise characteristics and those of the IF output
carrier detected at the receiver when the transmission distance
was 4 m. The phase-noise characteristics of the IF input and
IF output carriers are shown in Figs. 10 and 11, respectively.
Table III lists their phase-noise power at several frequency-
offset points.

By comparing Figs. 11 and 10 or the values listed in Table III,
you can find that the phase-noise characteristics of the IF output
carrier deteriorated much less compared with those of the IF
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Fig. 8. Experimental setup.

Fig. 9. Phase-noise characteristics of millimeter-wave local carrier.

TABLE II
EXPERIMENTAL SETUP

input carrier in spite of much more inferior phase-noise
characteristics of the millimeter-wave local carrier. These
results demonstrate that the additional phase noise caused at
the transmitter was successfully canceled by self-heterodyne
detection, as explained in Section II. You can also see from
Table III that the phase-noise power at a 10-kHz frequency
offset was less than 100 dBc/Hz after millimeter-wave trans-
mission. To the best of our knowledge, this value represents the
best performance for all 60-GHz-band transmission systems
[13]–[15]. Furthermore, we know that this value was restricted
by the phase-noise characteristics of the IF signal generator we
used, and we believe that we can attain much better phase-noise
characteristics with this transmission system.

TABLE III
COMPARISON OFPHASE-NOISECHARACTERISTICS(UNIT: dBc/Hz)

Fig. 10. Phase-noise characteristics of IF input carrier.

Fig. 11. Phase-noise characteristics of detected IF output carrier.
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Fig. 12. I/O characteristics of millimeter-wave transmitter.

Fig. 13. IM3 performance of millimeter-wave transmitter.

C. Measurements of Link Performance

Before we investigated the link performance of our experi-
mental system, we measured the I/O characteristics of the trans-
mitter. The transmission power for the signal carrier and that
for the local carrier are plotted in Fig. 12 against the IF input
power. An IF frequency of 1120 MHz was used, and the RF
transmission powers were calculated from the received powers
measured using a standard gain horn antenna and a spectrum
analyzer with a preselected RF section (HP11974V). You can
see from this figure that the signal power increased linearly as
the IF input power increased, while the local power decreased
because of the saturation effects of the mixer and amplifier in
the transmitter. The total transmission power is also plotted in
this figure, and you can see that it gradually increased with an
increase in the IF input power.

Fig. 13 presents the I/O characteristics of the transmitter. We
investigated the third-order intermodulation distortion (IM3)
performance of the transmitter by conducting a two-tone test.
The IF frequencies used for the two-tone test were 1100 and
1140 MHz. Although the output power of the higher funda-
mental carrier was lower by about 2 dB than that of the lower
fundamental carrier because of the frequency characteristics
of the millimeter-wave amplifier in the transmitter, you can
see from this figure that the suppression level (the signal
level minus the IM3 level) was higher than 30 dB when the

Fig. 14. Detected IF output power and CNR performance (4 m).

input power per carrier was 18 dBm. From this result, we
can estimate the minimum carrier-to-interference power ratio
(CIR) for the transmitter when it transmits multichannel signals
[6], [23]. For example, we estimated that eight carriers can
be transmitted with a minimum CIR of over 30 dB when we
choose an IF input power of26 dBm/carrier.

The CNR and IF output power measured when the distance
was 4 m are plotted against the IF input power in Fig. 14. The
noise power in the 300-MHz bandwidth is also shown in this
figure. The IF frequency was 1120 MHz. You can see from this
figure that both the signal and noise power increased linearly
when the IF input power was over30 dBm. (Remember that
if you use a general down-converter, the detected noise power
is independent of the received power.) This result is consis-
tent with the result of the theoretical analysis discussed in Sec-
tion III.

You can also see from Fig. 14 that the CNR was saturated
when the IF input power was around30 dBm, and it reached
a peak when the IF input power was25 dBm. With the larger
IF input power, the CNR gradually decreased. As discussed in
Section III, the CNR was determined by the total transmission
power and the power distribution between the local carrier and
RF signal. When the IF input power was over20 dBm, the
transmission power gradually increased, but the power differ-
ence between the local carrier and RF signal also increased, as
shown in Fig. 12. This concluded that the CNR did not improve
even though the total transmission power increased.

According to our theoretical results shown in Fig. 6, a CNR
of 33 dB was obtained when the total transmission power was
3 dBm and the distance was 4 m. In our experiments, a CNR of
27 dB was obtained in our experimental system under the same
conditions (when the IF input power was21 dBm). Thus, there
was a CNR difference of 6 dB. This difference is not so big if
we consider that the noise figure in the experimental system was
worse by 3 dB than that in the theoretical model.

Fig. 15 plots the CNR and IF output power against the IF
input power when the distance was 8 m. The noise power in the
300-MHz bandwidth is also shown in this figure. The curves
obtained for each of these characteristics are not so different
from those in Fig. 14, but it is interesting to compare the CNR
obtained for the 4-m distance to that obtained for the 8-m dis-
tance. When the same IF input power of21 dBm was input
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Fig. 15. Detected IF output power and CNR performance (8 m).

Fig. 16. Conversion-loss characteristics of the receiver.

to the transmitter, the CNR’s obtained for the 4- and 8-m dis-
tances were 27 and 21 dB, respectively. These results are con-
sistent with our theoretical results that doubling the distance ef-
fectively reduces the CNR by 6 dB.

Although we used an MMIC-based RF receiver developed as
a general down-converter, improving the conversion efficiency
and optimizing the design of the RF receiver are important.
Fig. 16 shows the conversion loss of our receiver against the
signal power input to the receiver. It also shows the corre-
sponding local carrier power input to the receiver. The signal
and local carrier powers input to the receiver were calculated
from the transmission powers shown in Fig. 12 and (10). The
conversion loss was then obtained by comparing the detected
IF output power in Fig. 15 and the RF signal power input to the
receiver. You can see that the conversion loss was greater than

4 dB and it appears to be almost proportional to the local
power input to the receiver. We think that the conversion loss
of the receiver used in our experiments is not sufficient for our
purposes if we consider that an amplifier with approximately
30-dB gain is included in the receiver module. An increase in
the conversion loss can deteriorate the received CNR perfor-
mance even further because the noise figure after square-low
detection dominates the CNR in this case. Therefore, in the near

Fig. 17. S21 frequency characteristics.

TABLE IV
CS SERVICE SIGNALS

future, we will focus on improving the conversion efficiency
of our receiver.

Fig. 17 shows the frequency characteristics of the ex-
perimental transmission link measured by a network analyzer
(HP8753E) when the transmission distance was 4 m. As you can
see, the transmission link had broad-band transmission charac-
teristics ranging from 800 MHz to 1.5 GHz, and the operation
of the self-heterodyne system using a square-law detection tech-
nique was successful with the maximum link-gain deviation of
less than 6 dB.

D. Transmission Experiment of Multichannel Digital
Broadcasting Signals

We present at the end of this section the results of a trans-
mission experiment for multichannel digital broadcasting sig-
nals. The experimental setup is shown in Fig. 8. In Japan, there
are two types of satellite broadcasting services. One is a broad-
casting-satellite (BS) service, which uses analogous frequency
modulation, and the other is a communications-satellite (CS)
service, which uses digital QPSK modulation. Last year, we
were able to transfer BS signals with a millimeter-wave band
by using a miniaturized experimental system that was very sim-
ilar to our experimental system described in this paper, except
that it was not a self-heterodyne system. However, at that time
we were not able to transfer CS signals because of the phase
noise of the millimeter-wave local oscillator, unless we use a
measurement equipment signal generator as a local oscillator
[24]. We will now discuss the transmission of CS signals using
a miniaturized system where a DRO was used as a local oscil-
lator. Some specifications for the CS signals we used are listed
in Table IV.
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Fig. 18. Picture with a CNR of 7 dB.

Fig. 19. Minimum required IF input power and the CNR threshold.

In the experiment, we prepared nine channels of broadcasting
signals in the IF band by receiving the signals with a para-
bolic-antenna set that included a down-converter. Their powers
were then amplified, properly attenuated, and input to our RF
transmitter as shown in Fig. 8. The IF video signals detected at
the RF receiver were directly input to the CS tuner (CS Digital
Tuner CDT600D, Maspro Corporation, Aichi, Japan). We in-
vestigated the quality of the video signals by watching images
on a TV monitor.

First, we found that the quality of the picture on the TV mon-
itor suddenly began to deteriorate when the CNR became less
than 8 dB because of the use of forward error correction (FEC).
When the CNR was around 7 dB, we could sometimes find a
block error in the picture, as shown in Fig. 18. Finally, at the
CNR of about 6 dB, a warning in Japanese, i.e., “We cannot re-
ceive signals,” appeared on the monitor. Thus, we made this last
state the threshold of quality in our experiment.

We investigated the minimum IF input power and the received
CNR at which the quality of the picture deteriorated beyond the
above threshold for eight channels chosen from the nine chan-
nels. Fig. 19 shows the minimum IF input power, IF output
power, and CNR threshold with this IF input power for each
channel. You can see from this figure that the CNR threshold
for most channels was approximately 6 dB and the quality of
the video signals was deteriorated predominantly by the CNR.
Only for channel 7 was the CNR threshold greater than 7 dB.

Fig. 20. Spectrum of CS signals after millimeter-wave transmission.

We think that the deviation in the frequency gain characteristics
of the band resulted in this increase of the required CNR by 1 or
2 dB. However, the investigation of this phenomenon is beyond
the scope of our study.

The spectrum of the detected signals for a transmission dis-
tance of 8 m is shown in Fig. 20, where the IF input power of
the video signals input to the RF transmitter was approximately

15 dBm in total. In this state, the quality of all video channels
was very good, and a CNR of over 20 dB was obtained for all
the channels.

V. CONCLUSION

The millimeter-wave remote self-heterodyne system de-
scribed in this paper can provide a super-stable and low-cost
millimeter-wave transmission link, where the transmitter trans-
mits a local carrier and an RF signal, and the receiver simply
detects the signal by using a square-law detection technique.
The configuration of the system is very simple and the system
can easily be miniaturized. The transmitter can use an eco-
nomical millimeter-wave local oscillator; the receiver does not
need a millimeter-wave oscillator; and the configuration of the
system is very similar to that of conventional millimeter-wave
up- and down-conversion systems with no special function for
frequency stability.

We have theoretically proven the principle of phase-noise and
frequency-offset cancellation, analyzed the CNR performance
obtained for this system, and discussed the optimal transmitter
design that gives the best CNR. The following theoretical results
were obtained.

• The system can completely eliminate the phase noise and
frequency offset caused by frequency conversion at the
millimeter-wave transmitter.

• The noise power detected at the receiver depends on the
received signal power and proportionally increases when
the received power increases.

• The CNR performance depends not only on the received
total power, but also on the transmission-power distribu-
tion between the local carrier and RF signal.

• Equal transmission-power distribution between the local
carrier and RF signal gives the best CNR performance
under transmission-power-limited conditions.

• Doubling the transmission distance results in a 12-dB
degradation of the detected power for the signal, along
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with a 6-dB degradation for the noise level. Thus, dou-
bling the distance degrades the CNR by 6 dB.

• Our system suffers from an unavoidable CNR degradation
of 9 dB when compared to conventional up- and down-
conversion-type transmission systems.

• A 300-MHz-bandwidth signal can be transferred over an
8-m distance with a CNR of 34 dB if the transmitter design
is optimized.

In the experiment using our developed miniaturized MMIC-
based system, the phase noise was effectively canceled, which
allowed us to easily achieved phase-noise degradation-free
transmission in the 60-GHz band. As a result of our link per-
formance measurements, we found that doubling the distance
causes CNR degradation of 6 dB and that the CNR is dependent
not only on the received total power, but also on the power
distribution between the local carrier and RF signal. When we
transferred an unmodulated carrier over a distance of 8 m with
3-dBm transmission power, we obtained a CNR of over 20
dB for a 300-MHz noise bandwidth. This value of CNR was
not far from our theoretical estimation. To show the feasibility
of our system, we successfully transmitted QPSK-modulated
multichannel digital video signals with a 300-MHz bandwidth
over an 8-m distance.
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