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Abstract—In this paper, a wideband channel sounder and mea-
surement results for the short range indoor 60 GHz channel are
presented. The channel sounder is based on a 1 gigasamples/s dual
channel arbitrary waveform generator and A/D converter/software
demodulator, which synthesize and detect a baseband PN sequence
with 500 MHz bandwidth. A heterodyne transmitter and receiver
translate the baseband PN sequence to and from the 60 GHz band.
Ten channel measurements taken across the 59 GHz to 64 GHz
range are concatenated to provide a continuous channel mea-
surement covering 5 GHz of bandwidth, resulting in 0.2 ns time
domain channel impulse response resolution. The dynamic range
and maximum sensitivity performance of the channel sounder are
discussed in detail. Comparisons of results with a vector network
analyzer based system are shown to verify the accuracy of the
sounder. In an extensive measurement campaign with vertically
polarized omnidirectional antennas, several different rooms (of-
fices, labs, conference rooms and others) in four different buildings
have been investigated. Over 700 channel measurements are the
basis for a comprehensive characterization of the short range 60
GHz indoor radio channel with omnidirectional antennas. Finally,
a simple stochastic static multipath channel model is derived from
the measurement results.

Index Terms—Channel measurements, indoor radio channel,
stochastic channel model, 60 GHz wireless local area network.

I. INTRODUCTION

THE DEMAND for higher data transmission rates is
steadily increasing following the introduction and suc-

cessful deployment of wireless local area networks (WLANs)
based on 802.11a/b/g standards in the 2.4 GHz and 5 GHz
bands (2.4 GHz, 5.2 GHz and 5.8 GHz). One very interesting
option to enable higher data rate systems will be use of the
60 GHz band, which provides a wide available frequency
spectrum (e.g., 57 GHz–64 GHz in the U.S. [1]). Especially as
an addition to 802.11a/b/g, a 60 GHz WLAN would be a very
useful option as discussed in [2]. As with existing 802.11a/b/g
WLAN systems, a 60 GHz WLAN application would require
omnidirectional coverage. Both the higher carrier frequency
and the larger signal bandwidth resulting from high speed
data transmission will reduce the coverage range of a 60 GHz
system with omnidirectional antennas significantly compared
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to existing 802.11a/b/g systems. Due to this limited range, a
60 GHz system is more naturally suited for short range, or
wireless personal area network (WPAN) applications. Once
available, a future system could switch between an 802.11a/b/g
and a local 60 GHz access point to provide single user data
rates up to 200 Mbps or higher with developing physical layer
standards such as 802.15 WPAN high rate alternative [3].
Other examples of high speed short range applications include
wireless firewire (e.g., digital camcorder-to-PC connection);
wireless docking station (fast Ethernet); and wireless VGA
(e.g., a wireless projector connection in conference rooms).

Very important for the optimization of future 60 GHz WPAN
system designs (including modulation scheme, coding, radio
and antenna design parameters, etc.) is the knowledge of the
radio channel in this frequency range. Therefore, in this work,
a wideband channel sounder with omnidirectional antennas and
better than 1 ns delay resolution was built and used to measure
the multipath and loss characteristics of the short range 60 GHz
radio channel.

A large variety of different channel measurement setups have
been reported to date. One may group them into two major
categories [4]:

1) Narrowband Sounding: A vector network analyzer
(VNA) is used to measure complex frequency response, which
then can be transformed into the channel impulse response (CIR)
via Fourier transform [5]–[10]. VNA based channel measure-
ment setups can in principle cover any bandwidth (mostly lim-
ited by the antenna bandwidth), but since the frequency points
are measured sequentially over a long time span, the method
is limited to time invariant channels. In addition, a phase sta-
ble RF cable is required between transmitter (Tx) and receiver
(Rx), which limits the usability, especially in the millimeter
wave (MMW) frequency range.

2) Wideband Sounding: Wideband channel sounding tech-
niques usually involve pulse compression methods, although
some earlier systems were based on a short transmitted pulse,
which was detected together with all its echoes at the receiver
to provide the CIR directly [11]. To improve the dynamic range,
newer wideband sounding sytems use pulse compression tech-
niques based on pseudo noise (PN) sequences. Correlation of the
received signal with the original transmitted sequence directly
yields the CIR. Most systems reported to date use a hardware
implementation of a sliding correlator [12]–[14], while some
newer systems work with A/D sampling cards and perform the
correlation with a microprocessor [4]. In the latter case, an in-
verse filter obtained from a calibration measurement can replace
the correlation [15]. Although wideband sounding techniques
are much faster than VNA based systems in terms of mea-
surement time needed for a given time resolution, their major
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disadvantage, besides the higher development effort required
to construct custom hardware, is the fact that their maximum
bandwidth is limited by the bandwidth or speed of the available
components (sliding correlator, A/D converter, etc.). Another
way of applying pulse compression techniques to the channel
sounding problem is given in [16], where an effective contin-
uous wave (CW) radar was built. In [17], [18], a measurement
technique based on broadband periodic multifrequency excita-
tion signals and subsequent correlation processing was used to
produce the frequency response of the channel.

In order to increase the maximum bandwidth of the wide-
band sounding method, a principle described in [19] has been
applied. With a wideband sounding system, several neighbor-
ing frequency bands are measured and then concatenated in
the frequency domain to yield a frequency response limited in
range only by the front end bandwidth of the radio transceiver.
The maximum transmitter and receiver separation distance is
not limited by the need for high frequency phase stable cables,
which would be required with a vector network analyzer based
measurement approach. In this work, only the time-invariant
channel was measured. The radio channel can be approximated
as stationary if the channel response is slowly varying relative to
the time duration of a data transmission interval, which is typical
in the indoor environment. In order to obtain a time-invariant
channel during the relatively long (∼10 s) measurement inter-
val, care was taken to minimize external motion in the room.
A timer was used to trigger delayed capture of the frequency
information, enabling the measurements to be taken with no per-
son in the vicinity of the transceivers. Environments with other
moving reflectors such as ceiling fans were avoided. Measure-
ment of time-variant channels is also possible with this method
by reducing the switching time between the measurements of
the different frequency bands, as described in [19]. A review of
time variant channels in general can be found in [20].

At 60 GHz, both the free space loss and the relative trans-
mission loss through building materials are much higher than at
2.4 GHz or 5 GHz [21], [22], [14]. For a high data rate short
range indoor WPAN as envisioned here, signal blockage by a
person becomes a major concern. In [23], a transmission loss of
around 20 dB through a person at 60 GHz has been measured.
Therefore, in this paper, the effect of blockage of the strongest
path in a channel impulse response has been investigated.

An additional advantage of the channel sounding method
based on an arbitrary waveform transmitter and software-based
demodulator is that, in addition to the channel measurements,
modulation schemes can be easily evaluated by concatenating
encoded sequences of modulation following the PN sequence
used for sounding the channel. Any arbitrary test modulation
sequence can be loaded onto the arbitrary-waveform genera-
tor (limited only by the depth of sample memory in the D/A
and A/D) and then stored to disk from the A/D converter card.
Demodulation and decoding can be done offline to find perfor-
mance of the modulation, enabling direct correlation of mod-
ulation performance and channel impulse response. Evaluation
of optimum modulation schemes is outside of the scope of this
paper, but is a key requirement to complete a 60 GHz wireless
system design.

Fig. 1. Channel sounder schematic.

In Section II, the block diagram of the channel sounder is
presented with explanations of all key components. Section III
describes the method used for system calibration and concatena-
tion of the frequency bands to achieve the full 5 GHz bandwidth.
For verification purposes, measurements made with the channel
sounder are compared with VNA based measurements in Sec-
tion IV as shown in [24]. In Section V, statistics of the results
of the extensive measurement campaign are presented, and a
simple stochastic multipath channel model is proposed. Finally,
conclusions are given in Section VI.

II. THE CHANNEL SOUNDER SETUP

The channel sounder frequency conversion is based on a het-
erodyne variable IF concept, which means that both IF and RF
mixer frequencies in the conversion chain are varied as the radio
is tuned to different RF channels. This enables derivation of the
IF and RF local oscillator (LO) signals from the same synthe-
sizer signal so only one synthesizer is required for the transmitter
(Tx) as well as for the receiver (Rx). Here, a factor of 8 is used
between the two LO frequencies. In Fig. 1, the schematic of
the channel sounder is given. An arbitrary waveform generator
(ARB) produces a complex baseband signal at 1 gigasamples/s
(GS/s) with 10 bits resolution in each channel (I and Q). This
signal is IQ modulated onto an IF of approximately 7 GHz,
amplified and fed into the 60 GHz Tx module via a 4 m long
RF cable. The LO signal for the IQ modulator is generated by a
commercial 7 GHz continuous wave (CW) source. The same LO
signal is also used for the mixer in the 60 GHz Tx module where
it is multiplied by 2 and 4 (for a total multiplication factor of
8) to obtain the correct second LO frequency. A bandpass filter
following the initial doubler suppresses the fundamental as well
as higher order harmonics, since they would result in unwanted
spurious products in the signal after the mixer. A 59 GHz to
64 GHz bandpass filter (BPF) and a power amplifier (PA) with
an output 1 dB compression point of approximately 16 dBm
connect the mixer output to the antenna in the 60 GHz Tx mod-
ule. Due to the two flexible cables for IF and LO (both around
7 GHz) the relatively small 60 GHz Tx module can be moved
separately from the much larger equipment (mainly ARB and
Tx-LO source) comprising the rest of the transmitter. A photo
of the 60 GHz Tx module can be seen in Fig. 2.
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Fig. 2. Photo of 60 GHz Tx module.

At the Rx side, a similar 60 GHz module was used with a
low noise amplifier (LNA), replacing the PA in the Tx module.
The RF filter, mixer and LO multiplier chain are identical to the
Tx module. After some amplification and a variable attenuator
(used during calibration), the IF signal is mixed to baseband in
an IQ demodulator. The analog baseband IQ signals are ampli-
fied and fed into an analog-to-digital conversion card, which can
sample complex signals at 1 GS/s with eight bits resolution in
each channel (I and Q). The I and Q data is stored in a 4 Mbyte
sample buffer memory in the A/D card and transferred to a hard
disk under software control. A single LO signal from a 7 GHz
synthesizer was used to generate both IF and RF frequency con-
versions as described above for the transmitter. The noise figure
(NF) of the whole receiver is about 6 dB at the LNA input. For
this project, vertically polarized biconical horn antennas were
designed and built by Flann Microwave Ltd. [25] to achieve a
close-to-isotropic radiation. The antenna has an omnidirectional
azimuth pattern (±0.5 dB maximum ripple) and approximately
100◦ of vertical 3 dB beam width centered in the horizontal
plane.

The Tx and Rx equipment is synchronized by connecting the
10 MHz reference clocks of the two synthesizers and the ARB
together. The ARB in turn generates a 500 MHz sample clock
for the A/D sampling card. This method eliminates time drift
between the D/A and A/D, and locks the carrier frequencies
of the transmitter and receiver together. A GPIB connection is
used to simultaneously switch the LO frequencies at the trans-
mitter and receiver. A trigger signal between the ARB and the
A/D sampling card is used to keep the relative timing of data
captured in the A/D buffers constant with respect to the phase
of the transmitted PN sequence, enabling absolute propagation
delay measurement. For all the connections between Tx and Rx
(10 MHz reference, sample clock, trigger and GPIB), flexible

Fig. 3. Time schedule of PN blocks and trigger signal.

coaxial BNC cables are used, which can easily be several tens
of meters long. For indoor channel measurements, this cable
connection between Tx and Rx does not impose any limitations.

III. CALIBRATION AND DATA PROCESSING

A general description of the radio/propagation channel can
be found in [26]–[28]. Here the radio channel is described as
a linear, time-invariant system. Antennas are included in the
channel and assumed to be isotropic and vertically polarized. In
principle, this setup allows time-dependent measurements, but
here it was only used for time-invariant measurements to make
use of the full 5 GHz bandwidth. Ten sequential channel mea-
surements with a bandwidth of 500 MHz each are performed
in the frequency band from 59 GHz to 64 GHz. After calibra-
tion, these ten frequency response blocks are concatenated in
the frequency domain to one frequency response with 5 GHz
bandwidth.

A. Single Frequency Block

First, the method used to obtain the frequency response of
one block is described. Two uncorrelated PN sequences (im-
plemented as m-sequences ([29], chapter 8.3) of length 214 are
used for I and Q in the ARB. To minimize aliasing effects, a
digital 320 tap equiripple low pass filter with a passband of
<320 MHz and a stopband of >350 MHz has been applied to
the m-sequence. The stopband attenuation of the non-quantized
filter is >150 dB. Together with the analog baseband filters, the
3 dB bandwidth of the system in the baseband is about 300 MHz
with an equivalent noise bandwidth of approximately 280 MHz.

The channel sounder PN sequence is repeated 20 times to
allow noise averaging in the receiver, as shown in Fig. 3. A
trigger signal generated by the ARB at the beginning of the first
m-sequence is sent to the A/D converter to start the sampling
of 20 × 214 complex samples followed by the data block. Since
the m-sequence is much longer than any delay ever expected in
the indoor channel, the received m-sequences can be averaged
to reduce the noise. Software processing was used to average 18
sequences, followed by a correlation with the ideal m-sequence
to generate a complex CIR. From the complex CIR, the fre-
quency response H(f) can be obtained via fast digital Fourier
transform (DFT). Since the sequence is much longer than the
delay of any multipath component to be expected here, only 125
points out of the CIR are used for the DFT to reduce the noise.

Due to the relatively long IF cables and the very high delay
resolution of this channel sounder, multipath/time dispersion
effects caused in the channel sounder itself, can be seen in the
measurement results. In order to suppress any multipath effects
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of the channel sounder itself, a similar technique as in [15]
has been applied. In this method, the frequency response of the
measurement system itself is first obtained by replacing the two
antennas by a coaxial cable and a 36 dB attenuator to directly
connect Tx and Rx. For this setup the variable attenuator in
the IF path (see Fig. 1) has to be set to 20 dB attenuation
to avoid overdriving the IF/baseband circuitry. The measured
frequency response HM(f) of the channel can be corrected
using the calibration measurement Hcal(f) performed with the
cable between Tx and Rx. This yields the calibrated frequency
response of one frequency block

HC(f) = HM(f) · Hcor(f)
Hcal(f)

(1)

of the radio channel. Hcor(f) includes the loss and delay of the
cable together with the coaxial attenuators used in the calibration
measurement and the loss and delay of the antennas with their
feed cables, which are removed in the calibration measurement.
It was found that Hcor(f) can be fully described by a constant
loss acor and a constant delay τcor as

Hcor(f) = acor · e−j2πfτcor . (2)

This was confirmed by measuring the cable and attenuator with a
65 GHz VNA. The values for acor and τcor have been adjusted by
placing the antennas at a known distance in a line-of-sight (LOS)
environment which clearly with few multipath components and
adjusting the loss and delay of the strongest measured path.

Due to the baseband lowpass filtering, only up to around 560
MHz (280 MHz in I and Q channel) of HC(f) can be used. From
the frequency response HC(f) for one frequency block, the CIR
hC(τ) can be obtained via inverse digital Fourier transform,
which then yields the power delay profile

PDPC(τ) = hC(τ) · h∗
C(τ) (3)

both with a delay resolution of down to 1.8 ns.
From the length of the m-sequence the processing gain can

be calculated to be

Gproc = 10 · log(214) dB = 42.1 dB. (4)

Using the equivalent noise bandwidth of B ≈ 560 MHz, thermal
noise power in dBm of

Ptherm = 10 · log(kTB) + 30 dBm = −86.4 dBm (5)

at the receiver results (Boltzman constant k = 1.38066 · 10−23

J/K, temperature T = 293 K). With the noise figure of the re-
ceiver at the antenna NF ≈ 8 dB and the averaging factor 18,
the system sensitivity yields

Psens = Ptherm + NF − 10 · log 18 − Gproc = −133.0 dBm.
(6)

Using the transmit power at the antenna PT ≈ 10 dBm, the total
dynamic range (TDR) of one channel yields

TDRC = PT − Psens = 143.0 dB. (7)

In addition to the TDR, the instantaneous dynamic range
(IDR) is a very important characteristic of a PN sequence based

Fig. 4. Instantaneous dynamic range (IDR) of the channel sounder system.

channel sounder. Usually, the processing gain of the PN se-
quence (4) limits the IDR, but due to the calibration used here
(1), the IDR can be better than the 42.1 dB from the processing
gain depending on the actual channel and the quantization level
at the A/D converter. In order to find the IDR of the system, all
collected channel measurements (766 in total) were processed
using four times more points than the 125 points used for the
noise reduced CIR computation. These extended length CIR
responses have a “noise” area at time delays well beyond the
decay of channel response to insignificant levels. The IDR can
then be estimated as the ratio of total path loss to mean power
level in the “noise” section of the CIR. In addition to this mean
IDR, a minimum IDR is defined as the ratio of the total path
loss to the highest peak in the noise area. The minimum IDR
is the range in which a peak can with high probability be con-
sidered to belong to the CIR and not to the measurement noise.
Both IDRs (500 MHz curves) are given for all measurements in
Fig. 4. It can be seen that the mean IDR has a median of about
52 dB and is better than the processing gain Gproc in all cases. It
can also be seen that the noise peaks are about 10 dB above the
average noise floor. Further detailed investigation showed that
approximately 15% of the measured channels exhibited IDR
substantially worse than the median. In these cases, the system
performance was limited by the TDR.

B. Frequency Concatenation

In order to increase the bandwidth of the channel sounder
to 5 GHz, ten measurements are performed as explained above,
stepping the center frequency in 500 MHz steps over the 59 GHz
to 64 GHz range. Using 500 MHz span around the center fre-
quency (−250 MHz to +250 MHz) of each measured block, the
ten blocks are concatenated to the full 5 GHz wide frequency
response H(f). Fig. 5 shows the ten frequency responses mea-
sured through the calibration cable before and after calibra-
tion. In the uncalibrated curve the baseband frequency response
can be seen in each frequency block overlaid by the nonideal
frequency response of the MMW transceiver modules. After
the calibration, the frequency response is flat to within 1 dB
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Fig. 5. Amplitude of uncalibrated frequency responses through the calibration
cable.

Fig. 6. Phase of calibrated frequency response for measurement of the cable
with and without phase correction (2πf · 1.835 ns has been added to the phase
to compensate slope caused by antenna feed lengths which are included in
calibration function).

accuracy. As mentioned in Section II the trigger signal assured
that the time reference for each of the ten blocks was consistent.
However, since different LO sources are used at Tx and Rx and
their phased locked loop (PLL) circuits are relocked to arbitrary
absolute phases each time the center frequency is changed, all
ten frequency responses have arbitrary phase offsets. By us-
ing a few frequency points in the overlapping area between the
first two measurement blocks the difference between their offset
phases is determined and added to the phase of the frequency
response data of all blocks after the first one. This procedure is
then sequentially performed on all following frequency blocks
to allow a proper concatenation. Fig. 6 shows the phase of the
final frequency response H(f) after concatenation with and
without phase correction.

Since the noise in the ten frequency bands can be expected
to be uncorrelated, the frequency concatenation will enhance
the TDR of the channel sounder by another 10 dB for a maxi-
mum of 153.0 dB. In separate measurements with the transmitter

Fig. 7. Uncalibrated and calibrated PDP for ideal channel.

switched off, a TDR of about 148 dB has been observed which
confirms the theoretical calculations above. The small discrep-
ancy can be easily explained by the highly varying gain over
frequency (see Fig. 5), which results in different TDRs for each
different frequency band. This reduces the theoretical gain of
10 dB for the concatenation. As for the IDR, the TDR has to be
reduced by about 10 dB to ensure that no peak from the CIR es-
timate used in the statistical analysis of the data could be a noise
peak. Therefore, the maximum measurable path loss of the final
system can be given as −138 dB, which easily allows channel
measurements within the desired radius (2 m–10 m) without
being limited by noise. The frequency concatenation also in-
creases the IDR by about 10 dB as can be seen in Fig. 4. The
minimum IDR of the final system has a median of 52 dB and is
better than 40 dB in all cases. Fig. 7 shows the normalized power
delay profile (PDP) of an ideal channel (obtained by remeasur-
ing with the cable used in the calibration measurement) with
and without calibration. In this case the calibration improves
the mean IDR from 48.7 dB to 64.4 dB, while also removing
the multipath artifacts caused by the measurement system itself.
In the uncalibrated result artifacts of up to −15 dB can be seen
right beside the main peak.

The frequency concatenation resulted in a total of 625 fre-
quency points, which covered the range from 59 GHz to 64 GHz
with a resolution of 8 MHz. This provided a delay resolution of
0.2 ns, enabling separation of paths which are more than 0.4 ns
(corresponding to 12 cm) apart. Due to the 8 MHz frequency
resolution, the maximum delay or delay unambiguity was 125
ns. This corresponds to 37.5 m in path length, and was sufficient
in all performed measurements, since all multipath components
decayed to negligible levels over time spans less than 125 ns.
If required, the maximum delay can easily be increased in the
system by using more points for the DFT.

IV. COMPARISON WITH VECTOR NETWORK ANALYZER

BASED MEASUREMENTS

For verification of the baseband data processing including the
calibration and frequency concatenation, some measurements
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Fig. 8. Magnitude of frequency response measured with the time domain and
the VNA based system.

Fig. 9. Phase of frequency response measured with the time domain and the
VNA based system.

were repeated with a VNA based system. To switch to the VNA,
GPIB controllable switches were inserted at the IF ports (see
Fig. 1) of both Tx and Rx to connect the transceiver IF ports to
two ports of a 3 GHz to 8 GHz VNA. This allowed repeating the
time domain measurement with the VNA in exactly the same
environment through the same IF/RF/antenna hardware. An LO
frequency of 7 GHz was used for the 60 GHz transceiver mod-
ules to upconvert the 3 GHz to 8 GHz VNA range to 59 GHz
to 64 GHz. The measurements have been performed in a labo-
ratory with metallic walls and a lot of measurement equipment,
so numerous strong reflections can be expected. Figs. 8 and 9
show the magnitude and phase of the frequency response, re-
spectively. A very good agreement between both measurement
systems can be seen (see Fig. 8). The close match of both phase
curves in Fig. 9 also demonstrates proper phase concatenation
for typical indoor environments with strong multipath behavior
(see deep notches in Fig. 8). Other scenarios tested to verify the
time domain measurement results with the VNA based system
showed similar agreement.

Fig. 10. Frequency autocorrelation measured with the time domain and the
VNA based system.

Fig. 11. PDP measured with the time domain and the VNA based system.

A very important measure to characterize the multipath be-
havior of a radio channel is the frequency autocorrelation func-
tion shown in Fig. 10, which can be derived from the frequency
response H(f) by

R(∆f) =
∫ fmax−∆f

fmin

H(f)H∗(f + ∆f) df (8)

with fmin and fmax being the minimum and maximum fre-
quencies 59 GHz and 64 GHz of the measured frequency re-
sponse [30]. It can be seen that in cases like the one if Fig. 10,
the coherence bandwidth Bcoh cannot reasonably be defined at,
e.g., the 1/e correlation level, since the autocorrelation crosses
the 1/e level more than once. In other cases the correlation does
not even fall below the 1/e margin at all. Therefore, the 90%
definition is used here for Bcoh, as in [30].

The most intuitive function to describe the multipath channel
is the PDP [26]. In Fig. 11, a very close agreement between both
systems, even at longer delays and weaker paths, can be seen.
A Kaiser window with α = 6 has been applied to the frequency
response before Fourier transformation to reduce the sidelobes
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in the time domain. The scenario shown here was LOS with a
Tx-Rx separation of 1 m. The calculated free space path loss of
the LOS path is given in Fig. 11 as reference. The result in Fig.
11 also clearly shows that a resolution of 1 ns is not sufficient
for a 60 GHz channel sounder system to be used to characterize
the indoor short range radio channel. The two largest peaks in
Fig. 11 are just about 1 ns apart, so a system with better than
0.5 ns resolution is required to clearly separate those multipath
components.

V. MEASUREMENT RESULTS AND CHANNEL MODEL

A total of 766 channels have been measured in several dif-
ferent rooms in four distinct buildings. The first building is the
T. J. Watson Research Center. Small offices, conference rooms,
the library and a laboratory have been measured. The walls are
either made of plasterboard or metal. In the second building,
small offices with brick walls have been measured. The third
building consists of cubicles in a huge hall. The last building
was a private home (wood/plasterboard construction) where two
medium size rooms have been measured. The Tx and Rx were
always located in the same room but the following three different
configurations have been investigated:

• Tx at ceiling and Rx on desk,
• Tx on wall close to ceiling and Rx on desk, and
• both Tx and Rx on desk.

The Tx and Rx separation was varied in the range from 0.5 m
to 13 m. The measurements include 373 LOS cases and 393
cases where the LOS was obstructed by, e.g., a monitor or a
cubicle separation wall. In the following, statistical results for
these measurements are presented and discussed.

A. Delay Spread and Coherence Bandwidth

The most widely used statistical parameter to describe multi-
path behavior of a radio channel, the root-mean-square (RMS)
delay spread τrms, requires special attention. Its calculation is
straightforward since it is the second moment of the PDP [11],
([3], chapter 5). The problem when deriving the RMS delay
spread from measured PDPs is to make sure that all relevant
paths have been included in the calculation without using noise
peaks. Usually a certain threshold below the total received path
loss (sum of all paths in the PDP [12]) is used to select the paths
to be used for the delay spread calculation. Another method
which may be used to select paths for the RMS delay spread
computation is to order the paths in power from largest to small-
est, then add paths from this ordered list until the summed power
of the selected paths reaches a desired percentage of the total
power of all paths. In Fig. 12, the cumulative distribution of
the RMS delay spread using both definitions is given. The close
match of the two curves of the delay spread for a −30 dB thresh-
old and for 95% power usage suggests that both methods yield
very similar delay spread numbers on a per-scenario basis. This
could be confirmed by the standard deviation of the difference
between the delay spreads using a −30 dB threshold and using
95% of the total power, which was only 0.6 ns.

Using 99% of the total power further increases the delay
spread of the results shown here compared to the 95% case, but

Fig. 12. Cumulative distribution for different delay spread definitions.

Fig. 13. Inverse of coherence bandwidth versus delay spread using all paths
and without the strongest path.

in six out of 766 PDPs peaks below the maximum detected noise
level (given by minimum IDR) had to be used to reach 99% of
the total power. This leads to the conclusion that in the 60 GHz
indoor radio channel, the delay spread from PDPs with infinite
IDR would be even higher than the 99% power usage numbers
shown here, so no maximum delay spread can be determined.
This result is in contrast to measured results in mobile radio
channels at lower frequencies, which show that the delay spread
value reaches a maximum value far before the threshold used for
delay spread calculation reaches the noise floor [32]. Therefore,
one has to be very careful when comparing or using delay spread
results from different sources without looking at the definition
used for calculation, as already realized to some extent in [11]
at lower frequencies. In the following, a threshold of −30 dB is
used for all RMS delay spread results.

To investigate the relationship between the delay spread and
coherence bandwidth, both are plotted against each other in
Fig. 13. It can be clearly seen that the product of coherence
bandwidth and delay spread is relatively constant, as shown by
others in different channels and frequency bands ([33], ch. 3),
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Fig. 14. Mean frequency autocorrelation of all measured scenarios using all
paths and without the strongest path.

([31], ch. 5). From the data,

τrms · Bcoh ≈ 0.06 (9)

was found (only valid for 90% coherence bandwidth and −30
dB threshold RMS delay spread).

B. Blockage of the Strongest Path

As already mentioned in Section I, signal blockage (e.g., by a
person) plays a very important role in the 60 GHz WPAN radio
channel. Therefore the following statistical results have been
computed twice: first with the measurement result as is, and
second, after subtracting the strongest path to emulate blockage
of the strongest path (which does not have to be the LOS path
since LOS only exists in about half of the cases).

Fig. 14 shows the mean frequency autocorrelation (8) aver-
aged over all measured scenarios. It can be seen that eliminating
the strongest path reduces the mean autocorrelation floor for
large frequency separation from 0.4 to 0.2.

Fig. 15 shows the cumulative distribution of the change of
total path loss and delay spread when the strongest path is sub-
tracted from the PDPs. It can be seen that with the omnidirec-
tional antennas used, the total received power drops less than
6 dB in all cases (less than 2 dB in 50% of the cases), while
the RMS delay spread increases by up to 6 ns (less than 1 ns
in 50% of the cases). This result shows that a wideband, omni-
directional 60 GHz system can take advantage of the multipath
behavior of the channel and still operate, in many cases, when
the strongest path is blocked. Although the multipath provides
resistance against signal blockage, it also contributes significant
intersymbol interference distortion at high data transmission
rates, which must be addressed using an appropriate modula-
tion/coding design for the channel.

C. Channel Model

Since significantly different delay spreads in the different in-
vestigated environments have been observed, the data have been
divided into the following three characteristic environments:

Fig. 15. Cumulative distribution of the change of total path loss and delay
spread from using all paths to the same results without the strongest path.

Fig. 16. Cumulative distribution of delay spread for different environments.

• Office (513 PDPs): the office environment groups all office
(mostly between 8 m2 and 12 m2) measurements including
cubicles and conference rooms.

• Private home (136 PDPs): due to the absorptive furniture
(couches, carpets, etc.) unique to the private home envi-
ronment, the measurements in the private home showed
much lower delay spreads than all other measurements.

• Library/laboratory (117 PDPs): these two measurement
scenarios showed substantially higher delay spreads than
the rest of the measurements, which can be explained by
the large size of the library and all the highly reflective
metallic equipment and walls in the laboratory.

The cumulative delay spread distinguished in the three
groups, as explained above, is given in Fig. 16. The hypoth-
esis that room size is a large factor for the delay spread is also
supported by results from the literature. In [34], [30], delay
spreads of up to 60 ns have been observed in long corridors
(25 m–40 m) and large rooms (about 90 m2). Delay spreads of
about 15 ns to 45 ns have been reported in [5] for three different
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Fig. 17. Total path loss in office environments versus Tx-Rx separation.

rooms of 85 m2 to 105 m2 size, where the largest influence on
the delay spread was found to be the reflectivity of the walls (the
three rooms were approximately the same size). In [14], delay
spreads of 10 ns up to 60 ns have been found for two hallways
of 54 m and 102 m length while the delay spreads for the four
rooms of about 20 m2 to 60 m2 size were in the range of 10 ns
to 20 ns. In [6], delay spreads of between 3 ns and 10 ns and
between 10 ns, and 20 ns in an 18 m long corridor have been
measured which correspond well the results presented here.

In the following, a stochastic wideband channel model for
the office environment is presented. As already developed for
indoor radio channel modeling at lower frequencies [35], [27],
the total path loss L can be modeled by a normal distribution
in dB (log-normal distribution for linear power path loss) with
mean µSF(d) and standard deviation σSF. In Fig. 17, the total
path loss of all measurements in the office scenarios is given
over the Tx-Rx separation. This has been verified by dividing
the measured data into 6 distance intervals, which also showed
the standard deviation σSF to be consistent over the Tx-Rx
separation. The dependence of the mean path loss µSF(d) on
the Tx-Rx separation can be described by the so-called log-
distance law [35], [27]:

µSF(d) = LLD,1m + 10 · nLD · log
(

1m
d

)
. (10)

The values for LLD,1m, nLD, and σSF have been extracted from
the measurements in the office environments (see Table I) using
a least-mean-square fit.

In addition to the total path loss model given above, the mul-
tipath behavior of the 60 GHz indoor radio channel has to be
modeled. Here, a simple stochastic model for generating multi-
path channels as

H(f) =
10

L
20

atot
·

N−1∑
i=0

ai · e−2jπfτi (11)

is proposed, where L is the total path loss in dB obtained from the
normal distribution (mean from log-distance law) as explained
above. The total path loss L is assumed to be statistically inde-
pendent from the multipath part of the channel. The multipath

TABLE I
MODEL PARAMETERS FOR OFFICE ENVIRONMENTS.

part is then given by the sum in (11), where ai and τi are the
complex amplitudes and the delays of the paths i = 0 . . . N − 1
(note that N is a stochastic variable as explained in the follow-
ing). The CIR/PDP can be obtained from the frequency response
in (11) via Fourier transform using the same window as in Sec-
tion IV. Therefore, the bandwidth can be adapted to the system
need as discussed in [27]. As proposed in [11], the time between
two paths ∆τ = τi − τi−1 is assumed to be exponentially dis-
tributed

p∆τ = λ · e−λ∆τσ(∆τ), (12)

where σ( · ) is the unity step function. Using (12), path delays
τi can be generated until τi exceeds a certain maximum delay,
τmax. The number of paths N will then be Poisson-distributed
([36], chapter 4) with the expectation value

E{N} = λ · τmax. (13)

A thorough investigation showed that |ai| can best be modeled
by a Rayleigh distribution or |ai|2 by a gamma distribution with
two degrees of freedom [37] as shown in [27], [38], [32]. The
complex path amplitudes ai can be generated in the model from
two normal distributed random variables X and Y , with zero-
mean and standard deviation σPV,i as

ai = X + jY. (14)

The resulting mean µPV,i of |ai|2 is related to σPV,i by

σPV,i =
√

µPV,i

2
. (15)

The phases of ai are uniformly distributed. This model assumes
that no fast fading has to be attributed to the individual delay bins
due to the high number of multipath components, as discussed
in [27]. Fast fading of the channel is inherently modeled by the
summation of all paths, ai. To ensure the correct total path loss
distribution of the model (11), the multipath part is normalized
by

atot =

√√√√N−1∑
i=0

|ai|2. (16)

In order to determine the parameters for the multipath part
of the model given above, all measured PDPs have been
normalized by their total path loss. The PDPs have also been
shifted on the delay axis by setting the delay of the first path
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Fig. 18. Average of all normalized PDPs (measurements and model) in the
office environment.

Fig. 19. Cumulative distribution of delay spread (measurements and model)
in the office environment.

above −30 dB below the total path loss to zero delay. This
time shift does not affect the channel model since the model
is designed to match the power delay statistics, not an abso-
lute delay arising from path separation. Grouping the measured
data into several Tx-Rx separation ranges showed no signifi-
cant dependence of the normalized CIR on the Tx-Rx separa-
tion. The model parameters have been varied until the mean
normalized PDP and the cumulative delay spread distribution
from the channels generated from the model best matches the
measured results. The frequency responses generated from the
model were transferred to PDPs using the same bandwidth and
window as the measurements. They have also been normalized
in the same way as the measurements to enable a valid com-
parison. Figs. 18 and 19 show the mean normalized PDP and
the cumulative delay spread distribution of the measurements
compared to the stochastic model. A good fit of the model to
both the normalized PDP and the cumulative distribution of de-
lay spread measurement results was found. The peak over the
first delay bins, together with the exponential decay for larger

delays shown in the PDP, agrees with the findings in [27]. The
determined model parameters are given in Table I.

VI. CONCLUSION

In this paper, a wideband channel sounder based on PN se-
quences for the 60 GHz band is presented, which achieves 5 GHz
bandwidth using a frequency concatenation concept. The new
method is limited to channels which are time invariant across
the measurement interval of all concatenated frequency bands.
Paths which are more than 0.4 ns apart can be resolved. In
addition, transmitter and receiver separation is not limited by
high frequency phase stable cables, as would be required with
a vector network analyzer based measurement. The system has
an instantaneous dynamic range of better than 40 dB, while its
maximum measurable path loss is better than 138 dB, assuming
no antenna gain. The performance has been verified by com-
parison with vector network analyzer based measurements in
identical environments. To the authors’ knowledge, this is the
first channel sounder based on pulse compression with a delay
resolution of better than 0.5 ns.

In an extensive measurement campaign with vertically polar-
ized omnidirectional antennas, several different rooms (offices,
conference rooms, and others) in four different buildings have
been investigated. The channel measurement results can be used
to optimize the design of future high data rate 60 GHz WPAN
systems. The delay spread results show that for operation in
the 60 GHz short range omnidirectional channel, modulation
systems designed to work in dispersive channels with RMS de-
lay spreads in the range of up to approximately 20 ns will be
needed. The median RMS delay spread ranges from 3 to 9 ns,
depending on environment. Based on analysis of the measure-
ment data, a simple stochastic multipath channel model for the
office environments was proposed. Parameters of the stochastic
model were optimized to fit a set of indoor channel measure-
ments. The model showed good match with the power delay and
delay spread characteristics of the measured channel results.
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