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ABSTRACT A compact-range wireless access system in the 60-GHz band has been proposed for multi-Gb/s
data transfer. A prototype Gigabit Access Transponder Equipment (GATE) was built to evaluate the system
performance in terms of received signal strength, signal-to-noise ratio (SNR), and bit error rate (BER). The
proposed system operates in the near-field regions of large array antennas adopted in the transmitter (Tx).
The time delays due to the signals transmitted from different array elements to the receiver (Rx), or/and
those due to the multiple reflections between Tx and Rx antennas become comparable with the symbol
lengths in our gigabit wireless access system. In that sense, this system would be susceptible to intersymbol
interference (ISI). In this study, the concept of ISI is introduced in the antenna field for the first time. An
equivalent baseband communication system is newly proposed to evaluate the wireless channel, including
Tx and Rx antennas. The analysis procedures and equations are provided for the calculation of ISI. The ISIs
due to three potential contributions are analyzed in detail. It is verified that our proposed ISI analysis has
succeeded in relating the antenna characteristic to the system performance observed in the baseband.

INDEX TERMS Intersymbol interference, compact-range communication, large array antenna, near-field
region, symbol rate, delay spread, multiple reflections, signal-to-noise ratio, bit error rate.

I. INTRODUCTION
Gigabit wireless communications attract increasing attention
from industry in recent years. The global activities in the
research and development of high-speed and high-capacity
wireless communication systems are intensified by the
emerging fifth-generation (5G) mobile network [1], [2]. The
aggressive usages of extremely-high frequency resources
represented by the millimeter-waves [3], [4], including the
Q-band, V-band, E-band, and other higher frequency bands,
secure a wide bandwidth of multi-GHz frequency. As a trend,
both the radio frequency and the symbol rate are accreting
rapidly. Meanwhile, those emerging gigabit wireless com-
munication systems employing the millimeter-waves could
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significantly suffer even from short delays, which become
comparable with the short symbol lengths. This phenomenon,
which has never been observed in present wireless systems,
is profoundly unique.

A novel compact-range wireless access system in the
60-GHz band was proposed to realize multi-Gb/s data
transfer [5]. A GATE (Gigabit Access Transponder Equip-
ment), together with mobile terminals, enables the burst-type
access to a cloud service. As illustrated in Fig. 1, the
60-GHz-band GATE is to be equipped as the fixed access
point in public areas such as in corridors and escalators
located in stations and department stores. When a user hold-
ing a mobile terminal passes through a GATE, the gigabit
access is available in its coverage area, clearly defined by
a large array antenna. In addition, the distance-independent
line of sight (LOS) propagation and multipath-free radio

VOLUME 9, 2021
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ 80077

https://orcid.org/0000-0002-4837-7443
https://orcid.org/0000-0001-8720-6180
https://orcid.org/0000-0002-8956-8334


M. Zhang et al.: Analysis of Intersymbol Interference Characterized by the Large Array Antennas

FIGURE 1. 60-GHz-band GATE for compact-range wireless access system.

environment enables the single-carrier signal transmission
with disregard of fading and sophisticated equalization
techniques. The conventional mobile communication and the
fixed wireless access (FWA) system generally operate in their
far-field regions. In contrast with them, the compact-range
wireless access system suggests a new wireless communica-
tion category.

Moreover, this compact-rangewireless access system oper-
ates in the near-field regions of large array antennas. The
communication distance becomes comparable with the large
aperture sizes of Tx (Transmitter) antennas. The signals trans-
mitted from different elements, which are spatially distributed
in a large Tx array, may contribute to considerable time
delays and eventually cause critical intersymbol interference
(ISI) [6] in the Rx (Receiver). Furthermore, the multiple
reflections occurring between Tx and Rx antennas or/and
occurring within the Tx antenna itself may also contribute
to a significant degradation in ISI. Generally, flat group
delays over the operating frequency range are required when
designing ultra-wideband (UWB) antennas [7], [8]. However,
there were no practical ways to relate the wireless channel,
including both Tx and Rx antennas, directly with the overall
system quality evaluated in the baseband (BB). Our proposal
can provide a straightforward solution to this problem in a
quantitative way.

In this paper, we analytically investigate the ISI occurring
in the wireless channel of a compact-range wireless access
system. An equivalent baseband communication system is
newly proposed to evaluate the wireless channel, includ-
ing both Tx and Rx antennas. The analysis procedures and
equations are provided for the calculation of ISI = 1/SIR
(Signal-to-Interference Ratio). When the noise is neglected,
this SIR can be directly approximated as an overall SINR
(Signal-to-Interference-plus-Noise Ratio) observed in BB.
The bit-error-rate (BER) is then ready to be read from the
theoretical curve relating BER to SINR for a specific modu-
lation. We evaluate the ISI first as a function of the Tx-Rx
distance in a wireless channel, whose transfer function is

analytically available. Its dependence on the aperture size
of a Tx antenna is investigated as well. On the other hand,
the transfer function can also be obtained by directly connect-
ing the prototype 16× 16 and 64× 64-element arrays with a
vector network analyzer (VNA). The ISIs due to the multiple
reflections between Tx and Rx antennas or/and within the Tx
antenna itself are further evaluated.

The newly proposed ISI analysis will succeed in relating
the antenna characteristic to the system performance rep-
resented by SINR and BER observed in BB. Furthermore,
it can be applied to other wideband systems such as the
UWB system [7], [9], millimeter-wave wireless links in the
E-band [10]–[14], D-band [15], [16], et al. In the future, this
ISI analysis will help us to draw up new guidelines when
designing large array antennas to be adopted in the high-speed
near-field communication systems.

II. SYSTEM EVALUATION OF A PROTOTYPE GATE
A prototype GATE, including a BB module [17] and an
RF (Radio Frequency) front-end [18], was constructed for
demonstration. This system utilized a 2.16-GHz frequency
bandwidth ranging from 59.40 to 61.56 GHz (Channel 2).
The channel-bit rate was as high as 3.456 Gb/s for the
π /2-shift quadrature-phase-shift keying (QPSK) modulation.
By adopting a low-density parity-check (LDPC) code with
a 14/15 rate [19], we acquired the maximum data rate of
3.1 Gb/s in an efficient way.

The circularly-polarized waveguide slot arrays with var-
ious aperture sizes were designed and fabricated in the
V-band [20]. The small antennas represented by the 2 × 2
and 4 × 4-element arrays and the large antennas represented
by the 32 × 32 and 64 × 64-element arrays were used as
Tx antennas. Here, the element spacing for all antennas was
4.2 mm in common [5]. Meanwhile, an open-ended waveg-
uide probe with linear polarization (LP) was used as the Rx
antenna in common. The accessibility and user-friendliness
can be enhanced by adopting the circular polarization (CP) in
the Tx antenna, since the user is unnecessary to adjust the ori-
entation of a mobile terminal. Hence, it is convenient to adopt
CP in Tx, and simultaneously adopt LP in Rx for simplicity.
Even though the array antenna in Tx had numerous radiating
elements, only one RF input was connected to the Tx antenna.
In an initial development phase, the prototype GATE was
a SISO (Single-Input Single-Output) system rather than a
MIMO (Multiple-Input Multiple-Output) one.

The position of Tx was fixed, and Rxmoved longitudinally
along the z-direction. The system SINRs and BERs without
LDPC for various Tx antennas were measured as summarized
in Fig. 2. For the 2 × 2 and 4 × 4-element arrays, the BERs
degrade fast with increment in the propagation distance due
to the decrement in the Rx-RF signal strength as well as the
SNR. A communication zone up to 11 m, characterized by
the SNR higher than 11 dB and the BER lower than 10−4

without LDPC, was realized by adopting the 32 × 32 and
64 × 64-element arrays in Tx. It was worth noting in Fig. 2,
the measured BERs for the 32 × 32-element array were
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FIGURE 2. Measured SINRs and BERs without LDPC as a function of
propagation distance z for various antennas.

FIGURE 3. Measured BERs without LDPC as a function of SINRs.

better than those for the 64 × 64-element one. As detailed
in [5], the 32 × 32-element array had advantages over the
64× 64-element one in terms of both aperture uniformity and
impedance matching. Nonetheless, a quantitative evaluation
relating the defective antenna performance to the system
SINR remained an issue for us.

Additionally, the relations between BERs and SNRs were
investigated as well. The measured BERs without LDPC
for all five Tx antennas were plotted as a function of the
measured SNRs in Fig. 3, where their theoretical curve for
the modulation of QPSK was also reproduced by assuming

an AWGN (Additive White Gaussian Noise) channel [21].
Good agreement was observed in Fig. 3. It was verified that
the fading effect was almost negligible, and a LOS propa-
gation environment was reasonably realized in our present
compact-range wireless access system, especially when the
Rx was separated from the Tx at a distance of more than 1 m.

However, as shown in Fig. 2, the BERs without LDPC for
the 32 × 32 and 64 × 64-element arrays degrade drastically
when the propagation distance is less than 1 m. This unique
phenomenon deserves careful investigations.

III. INTRODUCTION OF INTERSYMBOL INTERFERENCE
For better comprehension, the novelties and system features
of the 60-GHz-band compact-range gigabit wireless access
system are reexamined and summarized as follows:

– First, this compact-range communication makes itself
distinct from both the conventional mobile communication
and the fixed wireless access and belongs to a new wireless
communication category. That is, a LOS propagation envi-
ronment is indispensable here in contrast to the mobile com-
munication; meanwhile, further mobility is available here
compared to the fixed wireless access.

– Second, the symbol rate in the prototype GATE is as high
as 1.728 GS/s [17]. That is, the symbol length is as short as
0.579 ns. In that sense, the system would be susceptible even
to a short delay time at a nanosecond level. For example,
the propagation path-difference as short as 17.35 cm corre-
sponds to the delay equal to one symbol length of 0.579 ns.

– Third, this proposed indoor system is a simple SISO
system instead of a massive-MIMO one, even though a large
array antenna with as many as 32 × 32 or 64 × 64 elements
is installed in the access point.

– Fourth, since the proposed system adopting a large array
antenna in Tx is operating in its close near-field region, the
signals transmitted from spatially different array elements
have unequal arrival times at the user terminal. The delay and
delay spread become more critical when the Rx approaches
the Tx, as observed in Fig. 2.

Since the delay spread is also comparable with the above-
mentioned symbol length, the same symbols transmitted from
different array elements can severely interfere with each other
within the wireless channel. This unique phenomenon has
inspired us to introduce ISIs in investigating our proposed
system. Furthermore, when evaluating a wireless channel
including Tx and Rx antennas, successful acquisition of the
overall transfer function becomes a critical issue. It can effi-
ciently characterize not only the multiple reflections between
Tx and Rx antennas but also group delays as well as multiple
reflections within the antenna feeding circuits.

As far as we know, the ISI has never been considered
before in the antenna field. From now on, when designing
antennas for a gigabit compact-range wireless access system,
the antenna engineers should take into account ISI in addition
to the conventional far-field indices such as antenna gain,
directivity, et al. The radiation patterns in terms of positions
(x, y, z) rather than directions (θ , φ) should be examined and
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optimized especially in the near-field applications. Of course,
the evaluations of impedance matching, radar cross section
(RCS), etc. remain crucial as before. However, it is only
known for us in a qualitative way that the return loss and
fluctuations in antenna gains within the operating frequency
range can degrade the system performance. Our ISI analysis
to be proposed in this paper can quantitatively relate the
antenna performance evaluated in the wireless channel to the
system performance evaluated in BB. Hence, two approaches
developed for designing the far-field and near-field anten-
nas can be complementary to each other, and can also help
each other enhance both antenna performance and system
performance.

FIGURE 4. Calculation of time delay between the signals sending from
the center and edge of a corporate-fed linear array.

For a better illustration of ISI’s mechanism, a simple
antenna model is examined here. As shown in Fig. 4,
a corporate-fed linear array with a maximum dimension
of 38 cm is adopted as the Tx antenna. Ideally, there is no
delay occurring within the antenna feeding circuit. si is the
i-th symbol simultaneously send from the spatially different
elements of the Tx antenna.We pay close attention to two sig-
nals sent from the center and edge elements. They are denoted
by the solid and dashed arrows, as illustrated in Fig. 4. When
the Rx is positioned at a distance of 1 m along the central axis,
the delay between those two signals becomes one-tenth of the
symbol length. The overlapped region, marked in gray color
shown in Fig. 4, corresponds to the interference of symbols
si in the time domain.
Three potential contributions to critical ISIs are briefly

summarized as follows.
–First, the significant delay spread due to the size of a large

array antenna in Tx may be dominant, especially when its
aperture size is comparable to the Tx-Rx distance.

–Second, the multiple reflections between Tx and Rx
antennasmay significantly degrade the ISI aswell. TheRCSs,
including both the structural mode and the antenna mode
scattering [22], [23], mainly determine the loop gain between
those two antennas. Especially when the antennas are posi-
tioned in their near-field regions, the near-field RCSs should

be adopted, and the Rx-RF signal strength not following
the Friis Transmission Equation should be kept in mind.
By the way, the abovementioned two contributions, i.e., delay
spreads due to large antenna apertures and multiple reflec-
tions between Tx and Rx antennas, have opposite dependence
on the Tx-Rx distance.

–Third, the matching condition and the group delay within
the feeding circuit may further degrade the ISI significantly.
It is worth noting that this contribution is independent of the
Tx-Rx distance, and in part affects the ‘‘noise floor’’ in SINR.

In this paper, we focus on the ISI analysis. Meanwhile,
other essential approaches to analyzing the propagation envi-
ronment are under development. For example, a signal flow
graph model [24] has been proposed initially to obtain the
distance-dependent transfer function, where the RCS is a
key parameter to present the overall performance of an Rx
antenna operating in the near-field region of a Tx antenna.
On the other hand, the high-frequency approximation meth-
ods, including GTD (Geometrical Theory of Diffraction),
UTD (Uniform Theory of Diffraction), and MER (Modified
Edge Representation), have been applied to evaluate the shad-
owing effect efficiently [25].

IV. ANALYSIS OF INTERSYMBOL INTERFERENCE
A. ANALYSIS MODEL AND CALCULATION OF ISI
In this study, themain issue is to investigate the wireless chan-
nel, including Tx and Rx antennas. As illustrated in Fig. 5,
an equivalent BB communication system [26] is proposed by
neglecting the frequency conversion between BB and RF cir-
cuits. For simplicity, neither the white Gaussian noise within
the wireless channel nor the other noise figures due to other
circuit components in our prototype GATE are considered
here. In that sense, the SINR is simplified as SIR. To some
extent, the ISI analysis here is more like a qualitative evalu-
ation rather than a rigorously quantitative one. The analysis
procedure and calculation of ISI are detailed as follows.

FIGURE 5. Proposed equivalent baseband (BB) communication system.

As illustrated in Fig. 5, the transfer function of a wire-
less channel is represented by H (ω + ωc). The frequency
spectra of the pulse waveform shaping filters in Tx and
Rx are Gt (ω) and Gr (ω)∗, respectively. Here, ωc is the
center angular frequency of the RF carrier. Generally, when
G (ω) = Gt (ω)Gr (ω)∗ behaves in a raised cosine spec-
trum, the condition of a Nyquist criterion is automatically
satisfied [6]. That is, the intersymbol interference is ideally
zero when there is no delay occurring within the wireless
channel. A roll-off factor α = 0.25 [17] is adopted in both
our prototype GATE and the abovementioned equivalent BB
communication system.
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{sn} is the transmitted binary sequence to be transmitted.
Then the transmitted signal spectrum S (ω) produced by one
pulse waveform shaping filter in Tx can be expressed as
follows.

S (ω) =
∑

n
snGt (ω)e−jωnT (1)

Here, the symbol length T of 0.579 ns corresponds to the
symbol rate of 1.728 GS/s in our prototype GATE.

On the opposite side of the wireless channel, the received
signal spectrum R (ω) is equal to S (ω)H (ω + ωc). After it
passes through the other pulse waveform shaping filter as the
counterpart in Rx, the received binary rm can be expressed in
the following equation.

rm =
∫
R (ω)Gr (ω)∗ dω/ (2π)

=

∑
n
sn

∫
Gt (ω) e−jωnTH (ω + ωc) ejωmT

×Gr (ω)∗ dω/ (2π)

=

∑
n
sn

∫
G (ω)H (ω + ωc) ejω(m-n)T dω/ (2π)

=

∑
n
snKm−n (2)

Km−n

∫
G (ω)H (ω + ωc) ejω(m-n)T dω/ (2π) (3)

Here,Km−n is defined as the interference sequence. Finally,
the ISI defined as the ratio of interference to signal can be
formulated as follows:

ISI =
Interference

Signal
=

∣∣∑
n snKm−n

∣∣2 −max
n
|snKm−n|2

max
n
|snKm−n|2

= 1/SIR (4)

It should be noted that the ISI is independent of the
transmitting power. When adopting the modulation of BPSK
(Binary Phase-Shift Keying) or QPSK, the binary sequence
{sn} is independent and identically distributed (iid), and its
average value becomes zero (E {sn} = 0). Finally, the calcu-
lation of ISI can be simplified as

ISI =
(∑

n
|Km−n|2 −max

n
|Km−n|2

)
/max

n
|Km−n|2 (5)

As formulated in Eqs. (3) and (5), the ISI is primarily deter-
mined byKm−n as well asH (ω + ωc). Since a wireless chan-
nel is characterized by the transfer function H (ω + ωc), its
acquisition becomes a critical issue to evaluate our compact-
range wireless access system.

B. PROPERTY OF A FINITE IMPULSE RESPONSE SYSTEM
For simplicity, a finite impulse response (FIR) system is
investigated first. The ISI, as well as the delay spread due
to the large aperture size of a Tx antenna, is of great inter-
est. As illustrated in Fig. 6, the 60-GHz-band slot array
antenna with N × N elements is adopted in Tx. The ele-
ment spacing along both x- and y-direction is 4.2 mm in
common. Hence, the aperture size can be simply calculated

FIGURE 6. N × N-element slot array antenna with uniform distribution.

as A = l2 = (4.2× N )2mm2. An ideal corporate-fed
array is assumed here. That is, there is neither frequency
dependence nor delay spread inside the perfectly-matched
feeding circuit. In addition, the slots are approximated by
infinitesimal dipoles during the ISI analysis. Meanwhile, all
dipoles are uniformly excited within the frequency band.
As illustrated in Fig. 6, rjk denotes the distance from the
origin of coordinates to the position of the #jk dipole. When
an Rx moves along the z-axis, the impulse response i.e., the
transfer function, is analytically obtained as follows.

H (ω + ωc) =
∑

j

∑
k
Ejk (ω + ωc) e−i(ω+ωc)1jk (6)

1jk =

(√
z2 + r2jk −

√
z2 + r211

)
/c (7)

Here, Ejk represents the electric field, including both the
near-field and far-field components, radiated from the #jk
dipole. 1jk denotes the relative delay of the #jk dipole
compared with the #11 one. The absolute delay time√
z2 + r211/c, which corresponds to the transmission time

from the #11 dipole to the observer, can be eliminated due to
the synchronous detection widely implemented in the wire-
less communication systems.

The 16 × 16, 32 × 32, and 64 × 64-element arrays are
assumed as the Tx antennas. At the center frequency of
60.48 GHz, their dimensions are l = 13.4 λ, 26.9 λ, and
53.8 λ, respectively. The 10-dBm input power in Tx and the
6-dBi antenna gain in Rx are chosen to coincide with the
corresponding parameters adopted in our GATE demonstra-
tion [5]. At a single frequency of 60.48 GHz, we calculate
the received power first as a function of the propagation
distance z. It can be treated as the transfer function of the
wireless channel with interest. As summarized in Fig. 7 (a),
the dot denotes the far-field’s start point, and the received
power oscillates within the near-field region. It is worthwhile
to note that the last minima, which are closest to those dots
for the 16×16, 32×32, and 64×64-element arrays, lie at the
positions of around z = 0.1 m, 0.5 m, and 2 m, respectively.
When an Rx approaches those positions, the received power
may decrease drastically. Especially if it cannot be recovered
satisfactorily by an automatic gain controller (AGC), which
has been included in our prototype GATE, the overall system
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FIGURE 7. Calculated received power and ISI as a function of propagation
distance z for the 16 × 16-, 32 × 32- and 64 × 64-element arrays.

SINR and BER would degrade significantly as well. Similar
phenomena have been observed in Fig. 2 at positions close
to the abovementioned ones. Novel array aperture distribu-
tions have been studied and proposed [27] to reduce the
ripples and degradations in system performance observed
in Figs. 2 and 7.

Then, by extending the transfer functions through the full
spectrum of Channel 2, the ISIs’ dependence on the prop-
agation distance z are analyzed for three considered arrays.
As shown in Fig. 7 (b), the ISI also oscillates in the near-field
region of a Tx antenna, and it decreases monastically in the
far-field region. For all Tx antennas, enlarging z longer than
10 cm leads to sufficient ISI suppression below −15 dB.
In other words, this ISI due to the large aperture size of a Tx
antenna may be dominant for a short distance less than 10 cm.
When we compare the results shown in Fig. 2 (a) and 7 (b),
to some extent, it explains the reason why the SNR degrades
significantly for an extremely short distance.

Moreover, the ISI may be significantly degraded due to
the multiple reflections between the Tx and Rx antennas.
This effect has not been taken into account yet. In addition,
an actual array antenna in Tx, which has imperfect matching
and the frequency dispersion within the feeding circuit, may

FIGURE 8. Photographs and aperture distributions of the 16 × 16- and
64 × 64-element arrays under investigation.

further degrade the system performance in terms of both SIR
and BER. Those two contributions can be modeled by an
infinite impulse response system rather than an FIR system
investigated above.

C. PROPERTY OF AN INFINITE IMPULSE RESPONSE
SYSTEM
Now, an infinite impulse response (IIR) system is studied.
The degradation of ISI as well as the system performance due
to the multiple reflections within or/and between Tx and Rx
antennas, are to be investigated. In contrast with the previous
FIR system, an experimental approach is adopted in dealing
with this IIR system.

Two types of 60-GHz-band corporate-fed waveguide slot
arrays are prepared to evaluate H (ω + ωc). One is the
LP 16 × 16-element array [28]; the other one is the CP
64 × 64-element array [5], [20]. Both of them are fabri-
cated by a process called ‘‘diffusion bonding of thin copper
plates’’ [29], [30]. Fig. 8 shows the photographs of the consid-
ered antennas. Their performances are profoundly different:
the LP 16 × 16-element array has wideband operations in
both antenna gain and impedance matching; the narrowband
CP 64 × 64-element array, which has been used in the
previous GATE demonstration, has poor performances of
both impedance matching and aperture uniformity as detailed
in [5]. Their antenna sizes are 75 × 75.5 and 277 × 278
mm2, respectively. Using a near-field measurement system,
the aperture distributions for both antennas are evaluated at
60.5 GHz and included in Fig. 8, where a critical degradation
in uniformity is obviously observed in the 64 × 64-element
array.
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1) ISI OF A 16× 16-ELEMENT ARRAY IN TX
The ISI of an IIR system adopting the 16× 16-element array
as a Tx antenna is evaluated first. An open-ended waveguide
probe in the V-band is used as the Rx antenna. This time,
the transfer function is directly measured by connecting both
Tx and Rx antennas to a VNA. Here, the Tx-Rx distance is
selected at 70 cm, where the ISI due to the antenna aper-
ture size is negligible according to the analysis result shown
in Fig. 7 (b). To investigate the phenomenon of multiple
reflections between Tx and Rx antennas, we also focus on the
probe antenna with different installation conditions, as shown
in Fig. 9. Covering a waveguide flange with a reflector or
an absorber is equivalent to changing its RCS and the loop
gain of this IIR system. As summarized in Fig. 10, the fre-
quency characteristics of the transmission coefficients S21
between Tx and Rx antennas are measured for those three
conditions. The transmission phase 6 S21 has been modified
by subtracting the absolute phase delay ωτ . Here, τ is the
transmission time to synchronize the Tx and Rx antennas
equivalently. When covering the waveguide flange with a
reflector, we obviously observe the appearance of small rip-
ples in the measured S21 as shown in Fig. 10. That is, the
phenomenon of multiple reflections becomes prominent. The
periodicity pr of those ripples measured in frequency domain
tightly relates to the round-trip distance lr between Tx and
Rx antennas, since the product of those two values equals the
velocity of light c. Here, the periodicity read from Fig. 10 is
pr = 0.214 (≈ 1.5/7) GHz, and then the corresponding
Tx-Rx distance lr /2 can also be estimated at just 70.0 cm for
verification.

FIGURE 9. Open-ended waveguide probe antenna with a flange covered
by an absorber and a reflector.

The measured S21 behaves as the transfer function
H (ω + ωc) of the wireless channel including the antennas
under investigation. By substituting it into (3), we calcu-
late the interference sequence Km−n first. As summarized
in Fig. 11 (a), the phenomenon of multiple reflections is
clearly observed for k = m − n = 8 when covering the
waveguide flange with a reflector. There is no wonder that
K0 holds the maximum value due to the modification of
6 S21 mentioned above. Then, by substituting those values of
|Km−n| into (5), we evaluate ISIs as shown in Fig. 11 (b),
where the horizontal axis |k| denotes the number of symbols
in calculating ISIs for sufficient convergence. A large number
of |k| is required, especially when a considerable delay occurs
within the wireless channel. Its value is fixed at 20 throughout
this paper. It is evident in Fig. 11 that the ISI performance is
improved by covering the waveguide flange with an absorber,

FIGURE 10. Measured S21 in frequency domain between a
16 × 16-element array and an open-ended waveguide probe antenna with
various installation conditions. (Tx-Rx distance is 70 cm).

and on the contrary is significantly degraded by replac-
ing the absorber with a reflector. Nonetheless, for all three
conditions, error-free communication can be maintained in
our GATE system, since the ISIs are sufficiently suppressed
below −20 dB. It is concluded that the multiple reflections
between Tx and Rx antennas do not contribute to critical ISIs
when simultaneously adopting the 16 × 16-element array
in Tx and separating the Tx and Rx antennas at a distance
of 70 cm. Moreover, by using the VNA we also measure S21
in the time domain, as shown in Fig. 12 (a). Good similarity
has been observed in Fig. 11 (a) since the horizontal axis
k(= m − n) can also be treated as the discrete time by
multiplying k with the symbol length T .

2) ISI OF A 64× 64-ELEMENT ARRAY IN TX
Lastly, the ISI of an IIR system is analyzed again by
replacing the 16 × 16-element array with the 64 × 64-
element one in Tx. The open-ended waveguide probe with the
absorber-covered flange is used as the Rx antenna as before.
This time, the Tx-Rx distance is fixed at 50 and 100 cm
for comparison. As summarized in Fig. 13, the frequency
characteristics of S21 are measured again for both distances.
Similar to Fig. 10 (b), the absolute phase delay ωτ has been
subtracted from the raw data of 6 S21. Especially for the
distance of 50 cm, critical frequency dependence, as well
as large ripples with distinct periodicity, are observed in
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FIGURE 11. Evaluated Km−n and ISI of the wireless channel using a
16 × 16-element array and an open-ended waveguide probe antenna with
various installation conditions. (Tx-Rx distance is 70 cm).

both amplitude and phase of S21. The periodicity of about
300 MHz observed in the frequency domain corresponds to
the round-trip distance of 100 cm, which is exactly equal to
twice the Tx-Rx distance of 50 cm. It means the phenomenon
of large ripples in S21 mainly results from the multiple reflec-
tions between Tx-Rx antennas.

By following the similar procedures illustrated previously,
again we evaluate Km−n and ISI in order and summarize
them in Fig. 14. The ISI (=1/SIR) degrades at as high as
−6.3 dB for a Tx-Rx distance of 50 cm, and it recov-
ers to −11.9 dB when enlarging the distance to 100 cm.
By the way, an error-free communication cannot be main-
tained in our present GATE system [5] for the SINR lower
than 11 dB.

For more detailed investigations, we remeasure the system
SINR and BER as a function of the Tx-Rx distance. For each
specified distance, the transfer functionH (ω+ωc) is acquired
by connecting both Tx and Rx antennas to a VNA. The
evaluated SIR= 1/SIR and the measured SINR are compared
in Fig. 15, where a similar tendency has been observed.
Generally, the SIR is better than the SINR, where all the
noise figures are included. It is uncommon that the SIR is
worse than the SINR for the Tx-Rx distance of 50 cm, where
the multiple reflections between Tx and Rx antennas become
prominent. Nonetheless, it is still reasonable since the overall

FIGURE 12. Measured S21 in time domain between the fabricated array
antennas and an open-ended waveguide probe antenna separated at
various distances.

systemSINR can be improved in part by an equalizer installed
in the prototype GATE [17]. To some extent, those calculated
SIRs qualitatively interpret the reason why the BER degrades
for the propagation distance z < 1 m, as illustrated in Fig. 2.
On the other hand, according to the calculated ISIs sum-

marized in Figs. 7 (b) and 11 (b), neither the large antenna
size nor the multiple reflections between Tx and Rx antennas
contributes to the ISI as high as −11.9 dB for a Tx-Rx
distance of 100 cm. It is suspected that themultiple reflections
within the feeding circuit of the Tx antenna itself, which
were neglected in our previous analysis, becomes the primary
contribution.

When separating the Tx and Rx antennas at 50 and 100 cm,
S21 are also measured in the time domain. As summarized
in Fig. 12 (b), small ripples closely follow the principle
transmitted-wave for either antenna distance of 50 cm or
100 cm. Those two curves behave in very similar manners
and tightly relate to the Tx antenna’s performance. Accord-
ing to our investigation, those small ripples, caused by the
multiple reflections within the antenna feeding circuit, may
lead to the degradation in both overall antenna reflections and
system ISIs. In that sense, it becomes essential to sufficiently
suppress multiple reflections within or/and between the Tx
and Rx antennas adopted in a compact-range wireless access
system.
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FIGURE 13. Measured S21 in frequency domain between a
64 × 64-element array and an open-ended waveguide probe antenna
separated at various distances.

Three contributions to ISIs have been investigated in detail.
It is worth noting that the ISI, due to the multiple reflec-
tions within a Tx antenna, is independent of the propagation
distance but determines the noise floor level in our GATE
system. On the other hand, the ISIs, due to the large antenna
aperture size and the multiple reflections between the Tx
and Rx antennas, have a large dependence on the propaga-
tion distance. Especially for a short distance, their contribu-
tions to ISIs become dominant. This unique phenomenon is
distinct from what occurs in a multipath-rich environment
typical for a conventional mobile communication system.
Those three contributions to ISIs lead to significant degra-
dations in both SINR and BER for a short distance, while the
system performance can recover to some extent for a long
distance.

As a short conclusion, when adopting a 64 × 64-element
array in Tx, the system performance in terms of SINR and
BER tightly relates to the abovementioned three factors of
ISIs with various distance dependence. According to our
detailed investigation, the ISI due to the large aperture size
becomes dominant for a Tx-Rx distance shorter than 10 cm
and can be reduced below −15 dB for a longer distance.
Meanwhile, at a Tx-Rx distance around 50 cm, the multiple
reflections between Tx and Rx antennas significantly degrade
not only the ISI but also the overall system SINR and BER.
On the other hand, rather than ISI, the Rx-RF signal level

FIGURE 14. Evaluated interference sequence and ISI of the wireless
channel using a 64 × 64-element array for various distances.

FIGURE 15. Comparison between measured SINR and evaluated SIR for
various antenna distances.

decreases drastically around 2 m due to the destructive inter-
ference resulting from the large aperture size as predicted
in Fig. 7 (a), and its insufficient recover also leads to the
degradation in both SINR and BER.

Generally, even for the near-field applications, the
corporate-fed array still has considerable advantages over
the series-fed one in terms of bandwidth, delay, and ISI.
Nonetheless, the series-fed array is still applicable for a lim-
ited aperture size and remains as attractive due to its simple
structure as well as low cost.
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V. CONCLUSION
The intersymbol interference occurring in the 60-GHz-
band compact-range wireless system adopting a large array
antenna has been analyzed. An equivalent baseband commu-
nication system is newly proposed to evaluate the wireless
channel, including Tx and Rx antennas. As an FIR system,
the ISI, due to the large aperture size of a Tx antenna, has
been investigated first. An IIR system considering the mul-
tiple reflections within or/and between Tx and Rx antennas
has been investigated as well. The calculated SIR (=1/ISI)
behave in a similar tendency with the measured SINR.
Those results qualitatively interpret the reason why the BER
degrades for the propagation distance z < 1 m. Furthermore,
as future work, the proposed ISI analysis can help us draw up
new guidelines on designing large array antennas. It also has
extensive applications to evaluating other wideband systems.
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