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Abstract 

This paper evaluates the BER performance of anti-multipath modulation 

叶4-QPSK-VP(symmetrically-mapped 4-ary PSK-VP) when applied to high-

speed digital transmission within a room where both transmitting and re-

ceiving antennas are set up, and compares it with the conventional differential 

可4-QPSK(symmetrically-mapped 4-ary PSK), via a transmission experiment 

and a calculation based on a channel model. Through this transmission exper-

iment at about 3 and 6 Mbps, 1r /4-QPSK-VP is observed to improve the BER 

significantly over applied channels for both data-rates. Delay-profile measure-

ment is also done using the PN correlation method and its high-resolution 

technique SPM. The physical channel model with only one measured param-

eter is proposed to explain the delay-profile measurement results. The BER 

calculation results based on the physical channel model are compared with the 

transmission experiment results, revealing that the BER calculation procedure 

adequately estimates the worst-case BER. The BER calculation also indicates 

the relationship between data-rate and BER. It is shown that 1r / 4-QPSK-VP 

raises the maximum available data-rate, about 10 Mbps in an ordinary office 

room, about ten times over that of conventional 7r / 4-QP SK. 

H. Takai was with ATR Optical and Radio Communications Research Laboratories, Seika-cho, Soraku-

gun, Kyoto 619-02, Japan. He is now with Kansai Information and Communications Research Laboratory, 

Matsushita Electric Industrial Co., Ltd., Moriguchi, Osaka 570, Japan. 
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I INTRODUCTION 

Indoor high-speed digital radio communication has attracted public attention in recent 

years because it is a key technology in constructing a LARN (Local Area Radio Network). 

However, when the data-rate rises and exceeds several Mbps, severe BER (Bit Error Rate) 

degradation is caused by ISI (intersymbol interference) due to multipath propagation 

made up of radiowave reflection by walls, office fixtures, etc. In other words, multipath 

propagation limits the maximum available data-rate. Consequently, it greatly narrows 

the sphere of application. 

To combat BER degradation, or raise the maximum available data-rate, various anti-

multipath modulation schemes have been proposed[l]-[7], in which a redundant phase/ampli-

tude transition/variation is imposed on a conventional modulation. In general, these 

schemes are characterized by hardware simplicity without any adaptive processes and an 

excellent BER for multipath fading whose delay differences are less than a certain value 

(hereafter, called the delay difference upper limit). 

For anti-multipath modulations, the maximum available data-rate is determined by 

the relationship between the delay difference upper limit and the spread of the propagation 

channel delay-profile. In any event, a higher delay difference upper limit offers a higher 

available data-rate. PSK-RZ[3], with amplitude redundancy, and PSK-VP[6][7], with 

phase redundancy, have succeeded in raising the upper limit to almost 1 symbol and their 

4-ary versions (QPSK-RZ and QPSK-VP) can _nearly double the upper limit, measured in 

bits. These extended limits, about 1.6 to 1. 7 bits, are almost the same for both modulation 

schemes. 

If the delay difference upper limit is determined by choosing the anti-multipath mod-

ulation, then the available maximum data→ rate should depend on the delay-profile of the 

channel. However, the actual available maximum data-rate for a practical propagation 

channel has not been adequately discussed. Although BER has been calculated for DSK 

for a Gaussian delay-profile[2], the relationship between the BER and the delay-pro且le

based on the practical propagation channel has not been investigated. Furthermore, few 

transmission experiments (field tests)[8][9] have been carried out, and these were dedi-

cated to outdoor propagation channels. None have been performed for indoor propagation 

channels. 

In this paper, a transmission experiment was conducted to evaluate BER performance 

of 1r/4-QPSK-VP (symmetrically mapped QPSK-VP) within a room where both trans叫 t-

ting and receiving antennas are set up inside, in comparison with the conventional differ-

5
 



ential 7r/4-QPSK (symmetrically mapped QPSK). The'in-room'BERs of 7r/4-QPSK-VP 

and 7r / 4-QPSK were also calculated based on a simple physical channel model derived 

from the delay-profile measurement results, using a numerical calculation technique[7]. 

In-room trans叫 ssionis considered essential for constructing a LARN with pico-cell ar-

chitecture. Moreover, it makes the channel easy to analyze. 

Although statistical channel model[l0]-[12] derived from a number of delay-profile 

measurements may offer more accurate BER estimation, the BER calculation process 

tends to be complicated, requiring numerous channel measurement data. The physical 

channel model based on a characteristic propagation mechanism, is considered to be more 

significant because it can readily provide BER estimation using only a few characteristic 

channel parameters. 

In this paper, a simple physical in-room channel model with only one measured pa-

rameter is also proposed to sufficiently explain the SPM (Superresolution PN correlation 

Method) [13] high-resolution delay-profile results and average power delay-profile results 

carried out in the same test environment[l4]. The BER estimation based on the phys-

ical channel model, which is essentially a worst-case estimation, proves appropriate in 

comparison with the transmission experiment results. The BER estimation reveals the 

relationship between the BER and the data-rate. 

II MODULATION AND BASIC 

PERFORMANCE 

II.1 Modulation and Demodulation 

In the transmission experiment and BER calculation, Gray-encoded symmetrically-

mapped[l5] 4-ary versions of differential PSK (町/4-QPSK)and PSK-VP (1r/4-QPSK-VP) 

are compared. The symmetrically-mapped versions are more advantageous in resistance 

to band-limitation than・he conventionally-mapped ones[l5l[l6]. Examples of phase vari-

ation for 1r / 4-QPSK ar マ/4-QPSK-VP are shown in Fig.Ill. 

In both modulatio1. :1emes, the phase difference Bm between the (m-1)th timeslot 

and them-th timeslot・rs them-th 4-ary data. Although various methods of mapping 

data into Bm may be c. :dered, Bm were symmetrically mapped into土1r/4 and 1r土7r/4 

by Gray encoding in tl. study. 

In 1r/4-QPSK-VP, a._ aried phase-waveform¢(c:) was redundantly imposed on the 1r/4-
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Figure Ill: 1r/4-QPSK and 1r/4-QPSK-VP signal phase. 

QPSK timeslot shown in Fig.Ill(B). The parabolic phase-waveform, categorized into a 

convex phase-waveform (optimum shape to raise the delay difference upper limit[?]), was 

chosen and expressed as 

rp(t:) = -4 ・亨• t:(t: -T) , (Ill) 

where 3町/2was adopted for the maximum phase-shift </>元

To limit the bandwidth, a 50% cosine-roll-off filter was selected for町/4-QPSKand 

a gaussian filter (BT=2.0) was selected for 1r/4-QPSK-VP. Concerning demodulation, a 

conventional differential detector was used in both modulation schemes. 

II.2 BER in 2-ray Rayleigh Fading 

BER performance in 2-ray Rayleigh fading, in which two fading waves have the same 

average level and a delay difference T between them, was examined through a numerical 

calculation and a laboratory experiment to reveal its fundamental characteristics and to 

verify the basic performance of the hardware used in the transmission experiment. The 

calculation procedure, also used in Sec.V, is the same as [7] except for band-limitation 

consideration. The laboratory experiment was carried out using two fading-simulators 

and a coaxial-cable as a delay line. 

Figures II2 (i) -(ii) show BER vs. delay difference T in terms of calculation results 

(curves) and laboratory experiment results (symbols) for 1r/4-QPSK (Fig.II2(i)) and 1r/4-

QPSK-VP (Fig.II2(ii)). The calculation results show that the BER is significantly reduced 
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Figure II2. BER vs. delay出fferencer performance by calculation and labora-

tory experiment (at 6.312 Mbps) for 2-ray Rayleigh fading. 
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fading. 

for 1r / 4-QPSK-VP in th・delay difference T of O -1.6 bits. Consequently, the delay 

difference upper limit, s1: 

the result (about 1.7 bit 

agreement with the calc 

:ly degraded due to band-limitation effects in comparison with 

: 1 [7], is about 1.6 bits. The experiment results are almost in 

・ion results and the measured delay difference upper limit is 

confirmed to be about 1. ・cs. Figure II3 shows the comparison of BER vs. SN (signal to 

noise) ratio performance・each modulation when the delay difference T was 1 bit. The 

BER of r./4-QPSK-VP is confirmed to be significantly improved. 
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III TRANSMISSION EXPERIMENT 

III.1 Experiment Environment and Setup 

The transmission experiment was conducted in an ordinary office (referred to hereafter 

as'office room'), and in a shielded room. The propagation channel in the shielded room 

represents worst-case conditions because of the echo effect from surrounding steel shell 

plate walls without windows and is used for comparison. Sketch maps of both rooms 

with antennas set up inside are shown in Fig.IIIl. The basic configuration and main 

specifications of the BER measurement system are shown in Fig.III2 and Table IIIl, 

respectively. 

In both rooms, vertically polarized dipole antennas were used for transmitting and re-

ceiving. The transmitting antenna was fixed. The receiving antenna, which was mounted 

on the end of a 0.93 m long pole, was rotated, and BER was averaged over one rotation. 

This takes about 90 s, i.e., the moving velocity V of the receiving antenna was about 6 .. 5 

cm/s. 

The office room had a 2. 7 m high ceiling, a free-access floor with steel underplate, a 

ferro-concrete outer wall without windows in the right side, a ferro-concrete outer wall 

with windows in the upper side, steel partition walls in the left and lower side, desks, 

racks, and airconditioners etc. The transmitting and receiving antennas were 2.1 m and 

1.2 m high, respectively. Four measuring locations, A, B, C and D, at the centers of the 

rotated receiving antennas, were prepared as shown in Fig.IIIl. 

In addition to the surrounding steel shell plates, the shielded room had inner walls 

made of wood and plasterboard. From the inside, it looked like an ordinary windowless 

room with a 2.3 m high ceiling, a free-access floor with steel underplate, desks, racks, 

and computers etc. The transmitting and receiving antennas were 1.2 m and 1.8 rn high, 

respectively. Only one measuring location was prepared for this room. 

Table IIIl: Main srecifications of BER measurement system. 

carrier frequency 

modulation 

bit rate 

detection 

if bandwidth 

240 MHz, 2.38 GHz 

1r/4-QPSK, 1r/4-QPSK-VP 

3.156 Mbps, 6.312 Mbps 

differential detection 

9 MHz (at -3 dB) 

，
 



The experiment was carried out at bit-rates of 6.312 and 3.156 Mbps in the office 

room at 240 MHz band and in the shielded room at 2.3 GHz band. Fifteen-stage m-

sequence pseudonoise (PN) bit sequence generated in the data generator was transmitted 

and received. Then, in the error detector, the received bit sequence was compared with 

the same internally-generated sequence bit by bit. Subsequently, bit error was detected 

as an output error-pulse. These pulses were totaled up by the error counter and the 

BER was calculated. In the transmitter, the modulation baseband signal was digitally 

generated by reading out a RAM (Random Access Memory) table previously written by 

the controller (computer). By rewriting the RAM table, the modulation type can be 

changed and, by varying the read-out clock rate, the data-rate can be controlled. In the 

receiver, a differential detector was used for both modulations. The ifbandwidth (9 MHz) 

was wide enough and fixed for the data-rates and the modulations. The field strength 

meter was used to measure the receiving signal power simultaneously. 

All measurements were done automatically by a computer set up in another room; 

no one was allowed to enter the test rooms. The transmitting antenna was always in 

line-of-sight of the receiving antenna. 

Office 

Room 

.................... 
ょ......:--1 

i~ tz.4~ ゴご旦ー=sl —ー→」

T
|
5

ー
ー
—
↓

l

Shield叫

Room 

l貫 6.9m

T 1 , 1 ; i 1 : 
1.1m l~···········~....... .i .......... _:,r← l.,,::J 

: TX! : / . 
上 jANT~—i RX f Rotator ¥ 

• T 
→、~~r=t=:r;:三li(:-~r

Figure IIIl: Sketch maps of experiment rooms and antenna set-up. 
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III.2 Tr 

.........................................................................': 
Office or 
Shielded 

RX Antenna Room 

． 

Figure III2: BER measurement system. 

ansm1ss1on Experiment Result 

Figures III3 (i) -(iii) show measured BER in relation to the equivalent average SN ratio 

at the detector input for various levels of transmitting power at measuring locations B 

and C in the office and shielded rooms. The equivalent average SN ratio was calculated 

from the receiving signal power, measured and averaged over one rotation for a given level 

of transmitting power and the noise figure of 1j/if section in the receiver. 

Figure III3 (i), in which the transmission range was about 4 m, shows that BER 

decreases suddenly when the average SN ratio increases, as in the non-fading channel, 

except for the case of a 6 Mbps 1r / 4-QPSK transmission. This is because the line-of-sight 

(non-fading) wave was much stronger than the reflected and delayed fading Waves at such 

close range. However, even at such close range, BER performance for conventional 1r / 4-

QPSK at the higher data-rate of 6 Mbps begins to show irreducible error due to multipath 

rrduced ISL 

On the other hand, Fig.III3(ii), in which the transmission range was about 8 m, shows 

that BER decreases more slowly when the average SN ratio increases, causing irreducible 

error, except for the case of a 3 Mbps 1r / 4-QPSK-VP transmission. This can be explained 

by considering that the longer the transmission range is, the weaker the line-of-sight wave 

11 



is, relative to the reflected and delayed fading waves. Figure III3 (iii) shows that, in the 

shielded room, which is in a sense an echo chamber, the above BER feature has been 

emphasized and the irreducible error rate has become higher. 

Comparing ,r/4-QPSK-VP and ,r/4-QPSK with the same data-rate, we find that the 

BER for ,r /4-QPSK-VP is significantly lower for all cases. Accordingly, the irreducible 

error rate is also significantly lower for ,r/4-QPSK-VP in comparison with ,r/4-QPSK. 

For example, at location C in the office room, where the condition was a typical middle 

range (about 8 m) transmission in an ordinary office, the irreducible error rates for ,r /4-
QPSK-VP were lower 10-2 times (from 10-2 to 10-4) for 6 Mbps and more than 10-4 

times (from 10-3 to less than 10-1) for 3 Mbps over that of conventional ,r /4-QPSK. 
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IV IN-ROOM CHANNEL MODELING 

IV.1 Delay-Profile Measurement 

The delay-profile measurement itself is a powerful means in analyzing the in-room 

propagation and deriving its channel model. The measurement was actually done using 

the PN correlation method[l 7][18] and its high-resolution technique SPM[l3] for the same 

test environment and setup described in the previous section (cf. Fig.IIIl and Fig.III2). 

A block diagram of the delay-profile measurement system, used in combination with 

the BER measurement system as shown in Fig.III2, is shown in Fig.IVl and its main 

specifications are listed in Table IVl. The system can measure delay-profiles at 910 MHz 

band as well as at the 240 MHz and 2.3 GHz bands described in the previous section. 

The basic configuration of the system is the same as that used in the conventional PN 

correlation method[l 7] [18] except for the additional carrier frequency scan function, which 

varies the frequency of the signal generator SGl (for 2.3 GHz band) or SG2 (for 240 

and 910 MHz bands) and is necessary for SPM to decorrelate the mutual coherence of 

the multipath components. The PN generators in the transmitter and receiver generate 

identical 10-stage m-sequence. In the transmitter, the carrier is biphase-modulated by the 

m-sequence at a chip rate of 30 Mchips/s. In the receiver, the received signal is correlated 

with the identical m-sequence of a slightly lower chip rate, which enables us to obtain 

delay profiles via the'sliding correlation'technique[19]. 

The delay-time resolution of the original delay-profile, measured as the conventional 

PN correlation method, is about 33 ns (=T匂chiplength), which corresponds to a spatial 

resolution of about 10 m. Considering room dimension shown in Fig.IIIl, there is not 

enough resolution for microscopic analysis; however, there is considered to be enough for 

macroscopic analysis. The average power delay profile, which is a macroscopic analysis, 

Table IVl: Main specifications of delay-profile measurement system. 

carrier center frequency 

carrier frequency scanning range 

carrier frequency scanning point 

PN code sequence 

chip rate Tc-1 

modulation/band-limitation 

13 

240MHz, 910MHz, 2.335GHz 

土20MHz 

11 points (equispaced) 

10-stage m-sequence 

30 Mchips/s 

BPSK /土45MHz 
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Figure IVl: Block diagram of delay-profile measurement system. 

was calculated from spatially averaging the original power delay-profile over one rotation 

around the measurement location. 

Higher delay-time resolution is needed for microscopic analysis. The SPM algorithm[13], 

which is based on the eigen-decomposition of the correlation matrix for the original delay-

profile data vector, provides higher time resolution less than the chip length Tc. In the 

SPM estimation result (SPM delay-profile), several peaks indicate delay times of multi-

path components with high precision, although the peak magnitudes are not necessarily 

in .proportion to actual amplitudes of the multipath components. For two waves of the 

same level, the actual resolution of the above described delay-profile measurement system 

using SPM was about 0.'2 -0.3匹 (7-10 ns), which corresponds to a spatial resolution 

of about 2 -3 mas sho in [13]. 

IV .2 SPM Dela-. -Profile 

The solid curves in ! ,JV2 (i) -(iii) show the typical SPM delay-profiles measured 

in the office room at 2-: :VIHz, 910 MHz, and 2.3 GHz bands, respectively, when the 

receiving antenna was fi入,・dat location B (the center of the circle shown in Fig.IIIl). The 
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Figure IV 4: Traveling diagram of reciprocating waves between opposing walls. 

original delay-profiles measured by the conventional PN correlation method at the center 

carrier frequencies are indicated by dotted curves. 

From Fig.IV2, it was found that six or seven peaks are resolved in the SPM delay-

profiles (solid curves) while only three or four can be identified in the original delay-profiles 

(dotted curves). Furthermore, periodic structures were discovered and the peak positions 

relative to the first one are in agreement with these three figures, independent of the 

frequency band, although some peaks were missing. 

The periodic structure was better understood by investigating the autocorrelation 

function of the SPM delay-profile shown in Figs.IV3 (i) -(iii). In all cases, it was found 

that a pair of nearby peaks were periodically repeated. The interval of the pair and the 

repetition period, which were the same in all three figures, were about 5 m and 14 m, 

respectively, as measured in equivalent spatial propagation length. 

This periodic structure suggests the existence of multiple reflections in which waves 

travel back and forth between opposing walls. The wave-travel diagram in Fig.IV4 shows 

a pair of reciprocating waves between the left-and right-side walls from Fig.IIIl. At 

location B shown on the dotted line, reflected and delayed waves should appear at the 

time a -d where the waves intersect the dotted line. The wave arrival time makes 

up the same periodic structure as found in the SPM delay-profiles. It is reasonable to 

assume that the reciprocating waves lose their power by a certain ratio for each reflection 

(including an outgoing-returning propagation loss). The delay-profile deduced from the 

above described wave-reciprocation model appears in Fig.IVS, in which the envelope of 
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Figure IVS: Delay profile deduced from wave-reciprocation model. 

multipath components exponentially decays according to the excess delay and wave arrival 

time forms the periodic structure. From the geometrical setup, the interval of the pair 

waves is 4.8 m and the repetition period is estimated at about 14.3 m by considering that 

location B is almost the middle point between the walls. The deduced results coincide 

well with the measured results. 

IV.3 Average Power Delay profile 

The wave-reciprocation/exponential-decay phenomenon is also supported by average power 

delay profile results. Figures IV6 (i) -(ii) show the spatial averages of the original power 

delay profiles me邸 uredat every 1 degree of rotation, around the locations at A through 
50 50 
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Figure IV6: Average power delay profile. 
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D in the office room at 240 MHz band and over four partitioned circles in the shielded 

room at 2.3 GHz band, respectively. Except for the left-side peak, which is considered 

the line-of-sight wave, in the case of nearby transmission in the office room (location A 

and B), we find that the right-side tails of all results drop almost in a straight line, i.e., 

the multipath component levels exponentially decrease according to the excess delay. 

Furthermore, it was noted that the decay constant was the same independent of the 

location in each room. That is, the radiowave energy emitted by the transmitting antenna 

at a certain time, exponentially decayed at the same rate everywhere in the room. This 

indicates that the room can be modeled as a cavity. The decay constant or the Q-factor 

of the cavity is an important parameter in characterizing the channel. The measured 

decay constants from the tail slope in Fig.IV6 were 0.11 dB/ns for the office room and 

0.088 dB/ns for the shielded room. As actually found in the transmission experiment, the 

shielded room is more echoic and worse for high-speed data transmission than the office 

room. 

IV .4 In-room Channel Modeling 

The phenomenon of the wave reciprocation between opposing walls was also observed us-

ing a directional antenna[20]. In general, many reciprocating routes (for example, between 

two opposing walls, ceiling and floor, corner and corner) are considered to exist. How-

ever, in this measurement, the simplest model with one dominant route, where the decay 

constant is considered the lowest, is sufficient to explain the periodic structure found in 

the SPM delay-profile. 

In an SPM algorithm, waves are identified in order of their power levels. Closely-

adjacent waves within the time-resolution are identified as one wave[13]. A wave which 

is identified by using SPM may be made up of several waves close together caused by 

additional且oorreflection or wall roughness, etc. ・weaker waves may be neglected. Only 

the main characteristics of the channel are emphasized, hense, a simple model is made. 

This simplest model l 、alsobeen supported by exponentially decaying average power 

delay profiles. Furthermt the average delay profile results reveal that the decay constant 

is a characteristic paran :・for a room independent of location. So far as is known, no 

previous work has clear] 、altwith this point. In general, the delay spread is thought 

to be closely related to : decay constant. However it is somewhat difficult to use the 

delay spread to estimat("・he decay constant for a line-of-sight propagation because a 

conspicuous line-of-sight 1,,.-ave has a great influence on the measured delay spread. 
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The delay-profile deduced from the wave-reciprocation/cavity model is characterized 

by a periodic arrival structure and exponential decay according to excess delay (Fig.IVS). 

The characteristics do not coincide with that of Saleh's model[lO] in which waves arrive 

in clusters and both clusters and waves in the clusters exponentially decay with different 

constants and form Poisson arrival process. This difference is considered to be derived 

from that Saleh's model mainly deals with the transmission between room and hallway 

in contrast to in-room transmission. The clusters in Saleh's model are considered to 

be the results of resonance in each room. A simpler model is possible for the in-room 

transmission channel because the other room resonances are considered to have little effect 

on the channel. 

In concluding generally, the analyses for only two rooms (the office and shielded rooms) 

may be insufficient, however, at least, the wave-reciprocation/cavity model can su缶ciently

explain the delay-profile results measured in them. 

V BER ESTIMATION BASED ON IN-ROOM 

CHANNEL MODEL 

V.1 BER Calculation 

BER was calculated based on the wave-reciprocation/cavity model described above. 

For actual calculation, some simplifications and assumption were added. Figure Vl shows 

the delay profile used in the calculation. 

The periodic arrival time structure shown in Fig.IVS was simplified into the peri-

~pmndwy ヽ． e ーてIf'

•‘、、•·-.. ____ .、·--~.: Decay Constant 
.. ロ．．．．．．．．．．．．．．．．．．．．ご 't

Excess Delay 

Figure Vl. Channel model used in BER calculation (equispaced and exponen-

tially decaying 11-ray Rayleigh fading model). 
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odic/equispaced structure in Fig.Vl. The spacing between adjacent waves was 30 ns (9 

min space) and the first 11 waves were taken into account. There was no so且dbasis for 

designating the simple periodic structure, the spacing and the number of waves. How-

ever, the calculated BERs were observed to be little affected by the detailed arrival time 

structure if more than about 5 waves were taken into account. 

In the calculation, each multipath component, for which average power level exponen-

tially decays with decay constant r according to excess delay, was assumed to be subjected 
to independent Rayleigh fading. Obviously, a line-of-sight wave, observed as a peak in the 

average power delay profile for nearby transmission (Fig.IV6), is not subjected to fading. 

Consequently, the BER calculation based on the assumption is essentially a worst-case 

estimation. 

The decay constant r was the only measured parameter. It was 0.11 dB/ns for the 

嘩 ceroom and 0.088 dB/ns for the shielded room as described in the previous section. 

The maximum Doppler frequency JD is another parameter of the channel model and is 

calculated from the moving velocity V of the receiving antenna and the wavelength入as

．
 

v
＿入＝

 
fD 

(Vl) 

In comparison to the transmission experiment results, the moving velocity V was assumed 

to be the same as that in the experiment (6.5 cm/s). Then, from Eq.Vl, the maximum 

Doppler frequency fn was calculated as 0.52 Hz for the 2.3 GHz band, or 0.052 Hz for 

the 240MHz band. 

The calculation was done by a numerical technique utilizing a characteristic function. 

The actual calculation process is the same as [6) except that the band-limitation effect is 

also considered. 

V.2 Calculation Results 

Figures V2 (i) -(ii) show the calculation results for the office room at the 240 MHz band 

and for the shielded ro0 at the 2.3 GHz band. 

Comparing the cab. 

in Fig.III3(ii) for the o: 

that both results are s 

:on results in Fig.V2(i) and the transmission experiment results 

, room, where the transmission range was about 8 m, we恥 d

, ar though the irreducible error rate from the experiment is 

slightly better than tha・rom the calculation. However, for shorter transmission range 

(about 4 m), comparing Fig.V2(i) and Fig.III3(i), the BER from the experiment is far 

better than that from the、calculation.This is because the non-fading line-of-sight wave, 
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Figure V2: BER calculation result. 

which is the more conspicuous for the shorter transmission range, was also assumed to be 

subjected Rayleigh fading in the calculation process. 

Comparing the calculation results in Fig.V2(ii) and the transmission experiment re-

sults in Fig.III3(iii) for the shielded room, we find that both results, in particular, the 

irreducible error rates are in agreement. As shown in Fig.IV6, the shielded room was 

more echoic and the non-fading line-of-sight wave was not conspicuous in comparison 

with strong reflected waves. For such inferior case, the BER calculation process is con-

firmed to provide a more precise BER estimation. Conversely, the agreement is evidence 

for the appropriateness of the channel model on which the calculation was based. 

V.3 Data-Rate and BER 

The calculation also reveals the relationship between data-rate and BER. Figure V3 

shows the comparison of the BERs for r./4-QPSK-VP and conventional ri/4-QPSK, for 

sufficiently high SN ratio (50 dB) and the decay constant measured in the office room (0.11 

dB/ns). If the transmitting power is sufficient, we find that町/4-QPSK-VP significantly 

improves the BER over the data-rate from several hundred kbps to several Mbps in 

comparison with conventional -rr/4-QPSK. An optimum bit-rate, about 2 Mbps for the 

office room, exists for -rr/4-QPSK-VP and minimizes the BER to 10-8. 

available data-rate is estimated to be about 10 Mbps for an allowable BER of 10-3 for 

the o缶ceroom. 

The maximum 

For a different decay constant, the relationship, as shown in Fig.V3, only shifts along 

the bit-rate-axis, expressed in logarithm, keeping its shape of curves. For example, in the 
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Figure V3. Relationship between data-rate and BER when the decay constant 

is 0.11 dB/ns (measured in office room). 

shielded room, because the decay constant (0.088 dB /ns) is smaller by 20% than that in 

the office room, the curves in Fig.V3 shift to the left by 20% in bit-rate. Consequently, the 

optimum bit-rate becomes about 1.6 Mbps and the maximum available bit-rate becomes 

8 Mbps. 

For various decay constants, at least, we can conclude that 1r / 4-QPSK-VP raises the 

maximum available data-rate about ten times over that of conventional r. /4-QPSK when 

BER ranges from 10-3 to 10-4. 

VI CONCLUSION 

For in-room propagation channels, significant BER improvement and the consequent 

rise of the available maximum data-rate for r./4-QPSK-VP in comparison with conven-

tional r. /4-QPSK have been observed through a transmission experiment and a calculation 

based on a physical channel model. 

For about 8 m trans両 ssionexperiment in the office room, the irreducible error rates 

of r./4-QPSK-VP were reduced to 10-4 for 6 Mbps and to less than 10-7 for 3 Mbps, 

which were 10-2 times and more than 10-4 times over that of conventional r. / 4-QPSK. 6 

Mbps trans両 ssionwas possible by using r./4-QPSK-VP with a BER of 10-4. 

Delay-profile measurements, carried out for the same test propagation channels, has re→ 

vealed in-room propagation and enabled us to construct a simple physical channel model. 

＇ 
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SPM delay-profile has revealed the existence of reciprocating waves between opposing 

walls through the periodical arrival time structure. The wave-reciprocation/ exponential-

decay phenomenon has also been supported by average power delay-profile results with 

exponentially decaying tails. These results have also indicated that the decay constant, 

measured as the tail slope, is characteristic of the room independent of location in-

side, as if the whole room were a cavity. The BER calculation was done based on an 

equispaced/ exponentially-decaying 11-ray Rayleigh fading model, which is deduced from 

the wave-reciprocation/cavity model with only one measured parameter, i.e., decay con-

stant. 

The BER calculation is essentially a worst-case estimation due to assuming a non-

fading line-of-sight wave as a Rayleigh fading wave. As actually confirmed in comparison 

with the transmission experiment results, the BER calculation process provides a good 

estimation for the worst-case BER. For longer range transmission, the experiment results 

have been observed to approach the calculation results. For the shielded room, where echo 

effect prevents a conspicuous line-of-sight wave, both results have been observed to be in 

agreement. The worst-case BER estimation is considered indispensable for the practical 

applications. Noting that it can be done using only one measured parameter, the BER 

estimation process is considered very useful. 

From the BER calculation, the relationship between data-rate and BER has been 

revealed. If the transmitting power is sufficient, 1r/4-QPSK-VP significantly reduces the 

BER over the data-rate from several hundred kbps to several Mbps in comparison with 

conventional 7r / 4-QPSK. An optimum bit-rate, about 2 Mbps for the office room, exists 

for 1r/4-QPSK-VP and minimizes the BER to 10-8. The maximum available data-rate 

has been estimated to be about 10 Mbps for an allowable BER of 10-3 for the office 

room. Although the relationship expands or shrinks along the bit-rate-axis for different 

decay constants, it can be concluded that 1r / 4-QPSK-VP significantly raises the maximum 

available data-rate about ten times over that of conventional 1r / 4-QPSK when BER ranges 

from 10-3 to 10-4. 
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