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On mm-Wave Multi-path Clustering and
Channel Modeling

Carl Gustafson, Katsuyuki Haneddlember, IEEE, Shurjeel Wyne Senior Member, |IEEE, and
Fredrik TufvessonSenior Member, |EEE

Abstract—Efficient and realistic mm-wave channel models are most materials at 60 GHz, multi-path components propagatin
of vital importance for the development of novel mm-wave through walls or other objects typically have low power. Doie
wireless technologies. Though many of the current 60 GHz yoqe nropagation characteristics, highly directionaémmas

channel models are based on the useful concept of multi-path daotive b f inal techni ired in omler t
clusters, only a limited number of 60 GHz channel measuremen or adaptive beam-lorming techniques are required in omier

have been reported in the literature for this purpose. Therdore, ~establish a reliable 60 GHz communication link [5].
thelrt? 'Stf]“”la tne_ed f_ortfhurtrégrén:asburegwent based analysesf  As the potential benefits of systems operating in the 60
mult-patn clustering In the Z pand. . . :

This paper presents clustering results for a double-diredgonal GHz banq are dlreCFIy_reIated to_the propagation envirortmen
60 GHz MIMO channel model. Based on these results, we derive a Characteristics, realistic and reliable channel modets air
model which is validated with measured data. Statistical aister Vital importance for the design and development of novel 60
parameters are evaluated and compared with existing chanhe GHz technologies. Furthermore, as beam forming techniques
n?odells. '} ' ;TO"t"h” that the C'UStter angular_characttenstli_ar_zte are vital for many types of mm-wave communications, the
closely refated to the room geometry and environment, maxig it .o nnef should ideally be modeled using a MIMO model that

infeasible to model the delay and angular domains indepenaiy. . )
We also show that when using ray tracing to model the channel, takes the angular characteristics of the channel into attcou

it is insufficient to only consider walls, ceiling, floor and @bles; The IEEES802.11ad channel model is a MIMO model based
finer structures such as ceiling lamps, chairs and bookshe#s 3 5 mixture of ray tracing and measurement-based stafistic
need to be taken into account as well. : . - -
N _ _ modeling techniques [6]. It is a cluster-based spatio-tip
Index Terms—Millimeter wave propagation, channel modeling, channel model that supports several different environment
60 GHz WLAN, IEEE 802.11ad, IEEE 802.15.3c. The measurements for the IEEE802.11ad model were con-
ducted using highly directional antennas that were stegred
[. INTRODUCTION different directions in order to evaluate and model thetelus

As the requirements for efficient and reliable wireless conarameters of 60 GHz channels.
munications with high throughput are ever-increasing,ehov Several recent studies are directly related to the
wireless techniques have to be considered, and the awailalEE802.11ad model and include theoretical investigation
radio spectrum has to be used efficiently in order to overcomeyarding capacity [7], spatial diversity techniques [8ida
spectrum shortage. Due to the large bandwidth of at leasb&amforming performance [9], as well as an extended model
GHz available worldwide [1], the 60 GHz band is a promisinfpr human blockage in 60 GHz channels [10].
candidate for short-range wireless systems that requing ve |, this paper, we present measurement-based results for

high data rates. Efforts have already been made regardingy, pje-directional 60 GHz MIMO channel model in a
standardization by the IEEE 802.15.3c [2] and IEEE 802.11@fterence room environment. Statistical cluster pararset

[3] v_vorking groups, and some commercial products are ajreag,o oyaluated and compared with existing 60 GHz channel
available on the market. models. The novel aspect of our proposed channel model is
_The propagation characteristics in the 60 GHz band are quif, method by which it models the spatio-temporal propertie
different from those in the lower frequency bands commonly; e cjysters. We provide two different ways of modeling
used tc_)day for cellular communlc_atlon. Assummg identicgle cluster spatio-temporal properties; one being stdichas
transmit powers and antenna gains, the received powerygdly the other a semi-deterministic approach that is based on
60 GHz is smaller than that at lower frequencies due 10,8y racing. Most of the current 60 GHz directional anatyse
smaller receive antenna aperture at 60 GHz. Furthermogg, on measurements using highly directional antennas tha
since the dimensions of typical shadowing objects are largf, mechanically steered [11] and sometimes also include ra
in relation to the wavelength at 60 GHz, sharp shadow z0ng5ing results [6]. The results in this paper are based on
are formed, making diffraction an insignificant propagatiomeasyrements using the virtual antenna array technigue. Th
mechanism [4], Also, due to the high penetration l0ss ofyple-directional estimates for the multi-path compadsen

C. Gustafson and F. Tufvesson are with the Department oftriglac and (MPCS) were ObFa|ned using .the SAGE algo“_thm' This tech-
Information Technology, Lund University, Sweden. nigue can potentially offer an improved resolution of the 1P
y K. Ha_”edsa iﬁ Wilthfﬂge PepafthﬁthRa‘ljio SC;?”ICQ é"”d Engmperalto  parameters compared with techniques based on mechanically

anerSlty, CNool O clence an ecnnology, Finlana. . . .

S. Wyne is with the Department of Electrical Engineering, NCEATS steefed hlgh_'gam antennas [6]. The Cl_USte”ng _resultsvbmn
Institute of Information Technology, Islamabad, Pakistan obtained using an automated clustering algorithm.



1. 60 GHz RADIO CHANNEL AND ANTENNA inter-element spacing was 2 mm in both arrays. Back-to-back
MEASUREMENTS measurements were performed in order to remove the influence
A. Measurement Environment of the coaxial cables, mixers, and feeding waveguides.

This work is based on results from a 60 GHz radio channel
measurement campaign performed in a conference room with Antenna measurements
a volume of6.8 x 7.0 x 2.5 m*. The IEEE802.11ad working The co- and cross-polarized antenna gains of the Tx-
group has performed measurements in smaller confererggl Rx antenna were first measured using a setup based
rooms with volumes of approximately x 4.5 x 3 m® [12] on a vector network analyzer (VNA) and electromechanical
and in a slightly larger conference room with a width angositioners. A standard gain horn antenna with known gain
length of 6.3 m and 4.3 m [13]. During our measurementsand high cross-polarization discrimination ratio was uasd
the Rx array was placed at a fixed position in one of the reference antenna. Electromagnetic absorbers weddaise
corners of the room whereas the Tx array was placed at afg/er equipment in the close vicinity of the antenna, such as
of 17 predefined positions on either of the two tables in thie VNA, positioners and tables. Also, since the measurénen
room. As indicated by Fig. 1, 17 different line-of-sight (8D were performed in a large open area in a room, the data will
measurements were performed at these positions as wellag® include effects due to possible multi-path propagatio
15 additional obstructed-line-of-sight (OLOS) measuretse within the room. A simple time-domain gating technique was
In the OLOS scenarios, a laptop computer screen was usggfployed to filter the measured data and remove parts of the
to block the direct path between the Tx and the Rx. Furthi#gnpulse response with longer delays. The frequency range in

details about the measurements can be found in [14]. the measurement was 60-64 GHz, yielding a time resolution
of 0.25 ns. The gain transfer method [16] was then employed
e ' B to calculate the antenna gain. Due to the small wavelength
Y Window Pillar and considering the alignment accuracy of the measurement
5 setup, it was not possible to extract the phase responsés of t
Tx (17 locations) _% antennas precisely. Fig. 2 shows the co- and cross-patarize
/.;_%T/ = antenna gains of the Rx antenna at 62 GHz. The cross-
N IT::S Ti‘ polarized antenna gain of the biconical Tx antenna (not show
- Il a5 b5 [I || Il is low in all directions, whereas the cross-polarized amden
% Il [I || °.4 d.4 Il —— gain of the open waveguide is fairly high in certain direnso
& 3 c3 d3 |:
t~ IR [ I & []
l{m N Jl/c.z & | []
Il a1  Tables ¢l 41 L ):
Rx = =
| @ Tx w/o NLOS meas. Chairs
6.75 m j

Fig. 1. Floorplan of the measured conference room.

Fig. 2. Co-polarized (left) and cross-polarized (right) Bxtenna gain in
dBi of the open waveguide at 62 GHz.

B. Measurement Equipment and Setup

The 60 GHz radio channel was measured using a vectosing the measured co- and cross-polarized data, it was
network analyzer based system [15]. 2-D electromechani®gssible to estimate the cross-polarization discrimamatatio
positioners were used to move the Tx and Rx antennas(¥PD) of the antennas as
the horizontal and vertical planes, respectively. A conuiadr .
biconical antenna, Flann MFi)crowave MpD249, v)\//ith an omnidi- XPD($,0)lan = Geol@: O)lan — Geross (@, O)las- @
rectional pattern in azimuth was used at the Tx side, and then other words, we define the antenna XPD to be the dif-
Tx virtual array was a horizontal uniform rectangular arraference between the co-polarized and cross-polarizedhiaate
with 7 x 7 elements. The Rx antenna was an open waveguidgin in a certain angular direction. This is of importancesi
vertically polarized and oriented such that the waveguidiee measurements were performed only with V-V polarization
opening was directed towards the opposite corner of the roavhich means that it is not possible to employ a full polarimet
compared to where the Rx array was situated. The Rx virtua estimation of the complex amplitudes in SAGE. Instead,
array was a vertical uniform rectangular array withx 7 only the complex gain of the V-V component is estimated.
elements. All measurements were performed with the angeniidiis means that the SAGE algorithm only produces accurate
in a vertical-to-vertical (V-V) polarization orientationThe results for MPCs in directions where the XPDs of the Tx and



Rx antennas are large [17]. In total, less than 5% of the totdusters is identified. For a more detailed description @& th
number of MPCs in all scenarios were located in directionm-Parks index, the reader is referred to [21]. The Kim-

were the XPD was lower than 20 dB. Parks index was chosen over the combined validation scheme
as it produced consistent results that agreed better wéh th
I1l. M ULTI-PATH ESTIMATION AND CLUSTERING number of cluster identified based on a visual inspection.

. When using the Kim-Parks index, the number of identified
A. The SAGE algorithm clusters ranged from 6 to 12 in the LOS scenario and 8 to 12

The measured transfer functions are assumed to be corregilyhe OLOS scenario. Fig. 3 show typical clustering results
described by a finite number of plane waves, i.e. multi-pathr the direction of departure. Similar results were obgain
components (MPCs). Each MPC is described by its comples the direction of arrival. Each circle represents an MP@ a
amplitude, delay, direction of departure (DOD) and dir@tti the colors indicate identified clusters and the radius oheac
of arrival (DOA). In order to estimate these MPC parametergircle is proportional to the power of each MPC. In order to
the SAGE algorithm is used. A double-directional analysiget more consistent results in the LOS and OLOS scenarios,
using SAGE based on the same measurements was previoysy clustering in the LOS scenarios are performed without
presented in [18], and the reader is referred to that pager fRcluding the LOS component. That way, the power levels are
details regarding the signal model for the analysis. Thiskwosimjlar in both scenarios. It is possible to exclude the LOS
improves the SAGE estimates of [18] by employing a morgmponent from the clustering since this component can be
detailed model for the gain patterns of the antennas uséwin freated deterministically. The clustering results for @S
measurements. By taking the gain of the antennas into atcoyhd OLOS scenarios are very similar. The main differences
the estimated results describe the propagation channel.  petween the LOS and OLOS scenarios are

The SAGE analysis was performed over an observationl) A strong LOS component present in the LOS scenario.
bandwidth of 200 MHz centered at 62 GHz with 26 equi- 2(} A number of components are present in the OLOS

spaced frequency samples. The estimated MPCs can be USEd scenario that are diffracted around the computer screen.
to model the 2 GHz band from 61-63 GHz because the multi-

path parameters do not change drastically over this freqyuer
band. This assertion is justified by the fact that neither tt
power angular profiles [19], nor the SAGE estimates chan
drastically when evaluated at center frequencies of 61,082 ¢ _ -90
63 GHz.

DOD

IS
[¢ =]

B. Clustering Method

In this paper, a cluster is defined as a group of multi-pa  -180
components having similar delays and directions of departt
and arrival. The estimated MPCs are grouped into cluste
using the K-power-means algorithm wherein the multi-pal

Elevation [deg]

©
o

component distance is used as a distance metric in param  x,imuth angle, [deg] 02 x107
space [20]. For the validation of the number of clusters, tt 180 o Delay [s]
Kim-Parks index [21] was utilized. The Kim-Parks indéx P,
can be considered as a normalized version of the Davi€®:. 3. Typical clustering result for the direction of defjoze.
Bouldin index. It is calculated using an over- and under-
partition measure functiom, andv,,, that are normalized with
respect to the minimum and maximum number of clusters, IV. SURVEY OF 60 GHz CHANNEL MODELS
Crmin AN Crng, A. The Extended Saleh-Valenzuela Model
KP(C) = v,(C) 4+ v, (C). () Based on the clustering results, a number of statistical 60

GHz channel model parameters can be derived. One of the
most widely used channel models based on clusters is the ex-
tended Saleh-Valenzuela model, where the impulse response
Copr = argmin { KP(C)}, Cppin, < C < Chaq- (3) h,is given by Eq. (4). Herej3y,; is the complex amplitude of
c the kth ray (i.e. MPC) in theth cluster andl;, €; and ¥,
In practice, the largest number of clusters is set to be a eumbre the delay, DOA and DOD of thigh cluster, respectively.
that is large enough to make sure that the correct numberSimilarly 7 ;, wi; and ¢y ; are the delay, DOA and DOD

The optimal number of clusters/,,:, for a certain scenario
is then given by

L K;

h(t, O, Otx) = Z Z B X1 (t — Ty — 741) 6 (Orx — U — wr 1) § (Opx — ¥y — 1) (4)

=0 k=0



of the kth ray in thelth cluster, respectively. Finally(-) is V. CLUSTERING RESULTS

the Dirac delta function and the phase of each rayi, i cjuster-based channel models rely on two sets of param-
assumed to be described by statistically independent mandgiers, namely inter- and intra-cluster parameters, desgri
variables uniformly distributed ove0, 2). The mean power the clusters and the rays in each cluster, respectivelyhin t

of the kth ray in theith cluster is given by section, results regarding the estimated inter- and icltrater
parameters are presented and related to the channel models
B2, = B(0,0)2e /T emw/, (5) discussed above.

where I' and v are the cluster and ray decay constants,

respectively, and3(0,0)2 is the average power of the first’> -OS component

ray in the first cluster [22]. In our model, the Tx-Rx distance is assumed to be known
If the delay and angular domains can be modeled indepéd is used as an input to the model. For the LOS scenarios,

dently, the cluster and ray arrival time distributions magy bthe power of the direct wave (the LOS component) is modeled

described by two Poisson processes. Under this assumptig@ierministically based on the free space path loss. Treydel

the cluster and ray inter-arrival times are typically désed of the LOS component is determined by the Tx-Rx separation.

by two independent exponential probability density fumes. Furthermore, the location of the Tx and Rx arrays are assumed

The cluster arrival time for each cluster is thus describedrb to be known, so that the DOD and DOA of the LOS component

exponentially distributed random variable that is comtiéd can be determined.

on the arrival time of the previous cluster, i.e.

(T Ti—1) = AefA(TlleJ)’l ~ 0. (6) B. Inter-cluster Parameters

. . - . The cluster peak power is taken as the strongest MPC
Here, A is the cluster arrival rate. Similarly for the ray arrival ; .
times. we have in each cluster. In this paper, we estimate the cluster decay

using the cluster power and delay in absolute units, making i
P(Tit|Th—1,1) = e AMTEa=T—10) 15 0, (7) possible to estimate the cluster decay without normalittireg
clusters with respect to delay and power of the first cluster.

The extended S-V model relies on the assumption that tEQiS also allows the noise floor to be kept at a constant level
delay and angular domains can be modeled independently. %E all the different measurements. This way, the effect of

will be shown later, this assumption might not be valid for Giusters that migh'F be located below th_e noise floor, and migh
GHz channels. Instead, it is necessary to either jointly ehod"US have been missed, can be taken into account by modeling

the angular and delay domains using a joint angular-del clusters using a truncated_normal distribution._Th@aB, t
distribution [23], or to use a deterministic approach based cluster Qecay con_star'lit was estimated based on a likelihood
: Japression for this truncated model [25]. The cluster peak

power and the result of the truncated regression is shown in
Fig. 4.

where \ is the ray arrival rate.

[6]. This will be discussed further in section VI.

B. The IEEE 802.15.3c Channel Model

In the IEEE802.15.3c channel model, the extended S REF ;@%ﬁ ¥ T % In(Cluster peak powen
model of eq. (4) is used with the addition of a LOS compone ~ ‘ Truncated regression_||
that is derived deterministically. It is a SIMO model tha
only models the DOA. The cluster DOA is modeled using
uniform distribution in the rangf, 27). Cluster arrival times
are modeled using a certain cluster arrival rate as in edp [2

In(Cluster power)

C. The |IEEE 802.11ad Channel Model 28}

The IEEE802.11ad channel model is similar to that of tr 29, 1 2 3 2 0 o0 20
extended S-V model. However, in contrast to the 802.15... Delay [ns]
mOd_e!' the fje'_aY' I_DOD and _DOA for clusters _are derived fromg. 4. Cluster peak power as a function of absolute delayth@estimated
empirical distributions for different types of first and ead cluster decay based on a truncated model for the clusters.
order clusters stemming from, e.g., ceiling and wall-ogili
interactions. The gain of the clusters are determined based As the LOS component already is being modeled determin-
propagation and reflection losses, where the reflectioretossstically, it was omitted when estimating the cluster detay
are modeled using truncated log-normal distributions.fElys the LOS scenario. When estimating the decay constantsdor th
within each cluster are modeled using a central ray andL®S and OLOS scenarios separately, they were both estimated
number of pre- and post-cursor rays. The pre- and post-curtm be I' = 8.7 ns. Hence, the cluster decay can be modeled
rays are modeled using different arrival timeg,. andA,.st, using the same value for both the LOS and OLOS scenarios.
decay ratesy,,. andy,.st, and average ray amplitudes. The=ig. 4 shows the cluster peak power for the LOS and OLOS
pre- and post-cursor rays also have K-factéfs,. andK,,s:, scenarios combined. The estimated data for the combined dat
related to the amplitude of the main ray [6]. also yielded a value of = 8.7 ns.




It was found that the cluster peak power variation arour
the mean could be appropriately modeled using a log-norn
distribution, which corresponds to a normal distributiarthe
dB-domain. The estimated value for the standard deviatfon
this normal distribution was found to be the 6.4 dB in bot
the LOS and OLOS scenarios.

The cluster inter-arrival times can be described by ¢
exponential distribution. Fig. 5 shows a CDF of the cluste
inter-arrival times and an exponential distribution withNMLE
of the paramete. For both the LOS and OLOS scenarios
the estimated cluster arrival rateligA = 5 ns.
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< 1
1]
§ osl Measurement data | | Fig. 6. Delay and azimuth angles of estimated multi-path mmments (dots)
o EXp(A and ray-tracing results for first, second and third ordeecéifins (circles).
v p(N)
£ 06f 1
= . .
% 04r il tables as the only objects in the room. The conference room
L ool , , , , ] geometry is modeled in the same way in the IEEE802.11ad
5 model [6] and has the advantage of being simple to use for
=% 5 10 A 1‘5‘ ‘ 20 25 20 modeling purposes. Fig. 6 compares the delay and azimuth

Cluster inter-arrival time [ns] angles of the estimated multi-path components with those of

a ray-tracing simulations for all LOS scenarios. The elevat
Fi_g. 5. CDF of the cluster inter-arrival times and an expdiatmlistribution angles are not shown here for improved clarity. There is an
with a MLE of the parameten. .
overall agreement between the ray-tracing and measurement
results, but at the same time, a large number of significant
. MPCs that have been estimated a@ accurately captured
C. Modeling Cluster Angles and Delays by the ray tracing algorithm. The high resolution estimates
As shown in Fig. 6 and 7 below, it is not feasible to assumg& MPC delays and angles were matched with the furniture
independence between the delay and angular propertiespRicement in the room such that it was confirmed that most
clusters. In the IEEE802.11ad model, this dependenceoisthese MPCs were interacting with objects such as ceiling
taken into account by modeling the cluster delays and anglagps, chairs and bookshelves, i.e. objects that are not in-
deterministically, based on ray tracing results. In thisggawe cluded in the ray tracing model.
consider two different ways of modeling the spatio-tempora The results from the ray tracing algorithm can not be
properties of clusters; one being stochastic and one beinged directly with the parameters derived for the intrastelu
deterministic (i.e. based on ray tracing). These two aptesa parameters, since the ray-tracing results are inconsistiém
both have their own strengths and weaknesses, dependingi@ cluster definition used in the clustering algorithm. Whe
the intended use: employing ray tracing, a number of possible reflections are
« Ray tracing is site-specific, which could be an advantaggentified, and all of these could be modeled as clusters.
when assessing the performance at a specific site. Hddewever, the intra-cluster parameters are all based on the
ever, when it comes to assessing the overall statisticsresults found using the clustering algorithm. In this aithon,
60 GHz MIMO channels, it requires accurate ray tracing cluster is defined as a group of MPCs that are close to
results for many different Tx- and Rx-positions, makingach other in the spatio-temporal domain, whereas theeckust
it ineffective. found using ray tracing are based on the physical intenactio
« Conversely, a stochastic model can not provide informasith the environment. As a result, the number of clusteraitbu
tion about a specific room or site, but can effectivelysing ray tracing is significantly larger than those based on
reproduce the stochastic properties of 60 GHz chann#ie clustering algorithm. Therefore, the multi-path comgat
in a given type of environment. distance (MCD) metric [26] is used to group rays that are
From now on, these two models are referred to as the réipse to each other in the spatio-temporal domain. The MCD
tracing model and the stochastic model and they are prej;edﬁgC&lCUlated for a combination of two different reflectioms
in detail below. andj, as
1) Ray tracing model: In the deterministic model, a ray
tracing algorithm is used to determine the first and seco o \/ 2 12 2
order reflections, and the corresponding azimuth and édnvat’ﬂ&'CD” = /[IMCDpop,i;|[* + [[MCDpoa,i;[* + MCDZ ;;
angles, as well as delays. In this paper, a simple threghere the delay distance is given by
dimensional image-based ray tracing algorithm is usedyrevhe
the conference room is modeled as a parallelepiped with the |Ti — 75| Tsta
same overall dimensions as the conference room and with MCDrij =& ——

(8)

ATTTL(IJ) ATTTL(IJ/



Here, ATy, = max;;{|m — 75|}, and 7y, is the standard %

devation of the delays. For our purposéss 3 was found to e T pper ggﬁgg
be a suitable delay scaling factor. The MCD for angular da 6o /! - - - Shortest delay bound [{ | |
is given byMCDpop/poa = 1la; — a;|, where _ ! -95
’ 4 30+ 1
= 1 -100
a; = [sin(6;) cos(¢;), sin(6;) sin(¢b; ), cos(6;)] " R ISPy - -
i i i) i i)s i S ory el conde -105
S & e &2
Before calculating the MCD, all rays are sorted with respe 5 || vou -110
to their delays. Then, the MCD between the ray with th * A 115
shortest delay and all other rays are calculated, and ad re —eof \\ .
with a MCD < 0.25 are grouped together with the ray with e w120
the shortest delay. Then, the same thing is done again for 0T 0 a0 40 0 0 70 a0 —125
remaining rays, until all rays have been assigned to a grol Delay [ns]

The cluster delays and angles are then determined as the dela

and angles of the rays with the shortest delays in each groﬁilg: 7. Elevation-delay dependence model for the stoachastinnel model.
2) Sochastic model: In the stochastic model, the cluster

angles are modeled using conditional probabilities. Theter . .

delays, T}, are are modeled based on exponentially distribut(‘aa(ﬁu‘:]Ies for the given delay, i.e.,

cluster inter-arrival times. Then, the cluster elevatioglas, F(OUT) = 1 (10)

Oy are determined using a joint pdf for the elevation angles Omax(T}) — Omin(Ty)”

conditioned on the cluster delay, i.e., The valuesOumin(T)) and O (T}) are the smallest and
F(Th, O1) = F(ORT1) f(Th) (9) largest possible elevation angles at a given delay, respct

’ ’ The azimuth cluster angles are, for simplicity, modeleahgsi
where f(©,|T},) is the conditional cluster elevation pdf anc® uniform distribution over the intervaf, 2m).
f(Ty) is the marginal pdf for the cluster delay. This conditional
pdf is_ determined gmpirically by considering .the possiblg_ Intra-cluster Parameters
elevation angles for first and second order reflections iroenro ) i

Our clustering results confirm that the clusters generally

with certain dimensions. The idea is that this conditiorgil p . ,
should reflect upon the possible elevation angles for sevefQnSist of @ main peak surrounded by weaker components

different scenarios, with the Tx and Rx placed at differefffith longerand shorter delays. Hence, we adopt the same

height. Here, we note that this paper only includes measur%%Sic_ intra-cluster delay model as in [6], where each dl_‘Ste
&onsist of a number of pre- and post-cursor rays. The ray-inte

results for a single height of the Tx and Rx arrays. Howevet, . i
for the conditional pdf, we consider hypothetical scermric?mval times were calculated by taking the delay of each pre

where the Tx is located at a table at different heiglits, and post-cursor ray and subtracting it with the previous, one

varying from 5-40 cm above the table, emulating a laptop grereby creating a set of conditional arrival times.
a similar device. The Rx is located at heights, varying

from 5 cm above the table height up to 5 cm from the ceilin 1 -

thereby emulating a device such as a DVD-player, project P EION

or internet access point. ,/ - = - Post-cursor ray inter-arrival times
Then, three different curves are used to put bounds on1 g %5/s 1

possible elevation angles for the clusters. The first twoesir g

the upper and lower bounds, are determined by the maximi z o ‘

and minimum elevation angles for the second order reflegtic € © ! 2 s 4 5

as a function of delay. The third bound, the shortest deli £ N ‘ ‘

bound, is given by the curve for the shortest possible defay | ¢ — o0

a given elevation angle for a specific Tx-Rx separation, al % e preoror ray inter-anival mes

is thus different for different scenarios. These three esirv & os 8

are shown in Fig. 7, together with the estimated Tx elevatic ~

angles of the MPCs as a function of delay.

Based on the measured data and ray tracing simulatio 0 1 Ray 2 i s 4 5
approximately 40% of the clusters are located within +65%
the horizontal plane. Therefgre, we aSSIQn a 40% prObﬁbll ig. 8. CDF of the ray inter-arrival times for the pre- and tpagrsor rays in
for the clusters to be located in the horizontal plane and% 6Ghe | 0s scenario, and exponential distributions with MLEthe parameters
probability of being located within the area bounded by thg.. and Apos:.
dashed curves in fig. 7. The clusters that are not assigned to
the horizontal plane are randomly placed at a certain é®@vat Fig. 8 shows CDFs for the ray inter-arrival times for the

angle using a uniform distribution over the supported dlema pre- and post-cursor rays in the LOS scenario and CDFs for



exponential distributions with MLEs of the rate parametefsinction
Apre @and Apost. 1

Next, the mean ray decay rates and K-factors for the plwy,) = e~ IV2wr /ol (11)
pre- and post-Cursor raySyre, Ypost, Kpre and Kpoq, Were V2o

calculated by normalizing each ray with respect to the delgyy. 10 shows the CDF of the intra-cluster azimuth angles
and mean amplitude of each associated cluster and perfgrmi arrival in the LOS scenario, and a Laplacian distribution
a linear regression. Similar curves were obtained for both the LOS and OLOS
Then, the normalized path amplitude gain distribution @fcenarios in both the azimuth and elevation domains. We also
the pre- and post-cursor rays could be calculated by normabte that the intra-cluster angles for the azimuth and &tmva
izing each ray with respect to the mean ray amplitudes aiggmains showed very small correlation coefficients, inifica
certain delay. The power of the pre- and post-cursor rays af@t they can be modeled independently. The estimatedsalue
appropriately modeled using a log-normal distribution,eor of the variances for the azimuth intra-cluster angles for
normal distribution in the dB-domain. In Flg 9, CDFs of tthe DOD and DOA were 0.7 and 0.3 radianS, respective|y_
post-cursor ray power distributions for the LOS and OLOShis difference is most likely attributed to the differenice
scenarios are shown. The standard deviation of the nornppécemem of the Tx and Rx arrays. The Rx array is located
distributions are very similar for both the pre- and postsou close to one of the corners of the room. For the elevation
rays as well as for the LOS and OLOS scenarios, with valuggra-cluster angles, the values offor DOD and DOA were

in the range of 5.6 to 7.1 dB. These values are similar to t@g“mated to be 0.2 and 0.3 radians, respective|y_
standard deviation for the cluster peak power (i.e. the powe

of the main ray in each cluster), where the standard dewiatio
is 6.4 dB. VI. CHANNEL MODEL COMPARISON

The intra-cluster angles were calculated by taking the dif- i i
ference of the ray angles and the associated cluster cgntroj!n this section, the extracted channel model parameters are
angles. Our results show that a good fit to the measuregmpared with those of the IEEE802.11ad and IEEE802.15.3¢
inter-cluster anglesy, ;, is achieved by a zero-mean Laplacéha”nell models. Also, th_e numbgr of clusters and number of
distribution with standard deviation, with probability density @Ys inside each cluster is also discussed.

CDF CDF

1= T
1 :
Measured - Post—cursor rays, LOS —— Measured, LOS

- = =N(0,06%), 0=7.0dB - - -Lap(0,0), 6= 0.3 rad

o
)
T

o
©

o
)
T
o
o
T

°
o
T

Pr(Path power gain < abcissa)
=)
~

o
)
T

Pr(Intra—cluster angle < abcissa)
o
N
:

0 e P i i i i i i i i i i i
-25 -20 -15 -10 -5 0 5 10 15 20 0—1,5 -1 -0.5 0 0.5 1 1.5
Normalized path power gain [dB] Intra—cluster azimuth angle of arrival [rad]
(a) (a)
CDE CDF

Measured - Post-cursor rays, OLOS —— Measured, OLOS
- = =N(0,06%), 0=6.1dB - = -Lap(0,0), 0=0.2 rad

o
)
T

o
©

o
)
T
o
o
T

°
i
T

Pr(Intra—cluster angle < abcissa)
o
N
:

Pr(Path power gain < abcissa)

-25 -20 -15 -10 -5 0 5 10 15 20 -2 -15 -1 -0.5 0 0.5 1 15 2
Normalized path power gain [dB] Inter—cluster azimuth angle of arrival [rad]

i i i i 0 i

(b) (b)

Fig. 9. CDFs of the normalized path power gains of the postaurays Fig. 10. CDFs of the intra-cluster azimuth angles of arraatli normal and
and a normal distribution with a MLE of the variane€, for the (a) LOS Laplace distributions with MLEs for the standard deviatiorfor the (a) LOS
and (b) OLOS scenarios. and (b) OLOS scenarios.



TABLE 11
A. The IEEE 802.11ad Channel Model INTER- AND INTRA-CLUSTER TIME-DOMAIN PARAMETERS, COMPARISON

In the IEEE802.11ad conference room channel model, the WITH THE IEEE802.15.8 LIBRARY MODEL

inter-cluster parameters are largely based on ray traesigts Parameter  Notation LOS OLOS 802.15.3¢c
and empirical distributions [6]. For instance, the time andle Cluster arrival rate A [1/ns] 0.2 0.2 0.25
of arrival for clusters., as well as attenuation due to relfbeﬂ;_ . Ray arrival rate A [1/ns] 09 1.0-1.1 4.0
are all modeled using empirical distributions. Hence, it is
. . Cluster decay rate I' [ns] 8.7 8.7 12
not possible to compare the inter-cluster parameters of our
proposed model with the IEEE802.11ad model. Ray decay rate v [ns] ~ 4.6-4.7  4.5-4.8 7.0
However, our proposed model adopts the same basic intraCluster log-normal st. d. o. [dB] 6.4 6.4 5.0
cluster model used in [6], making it possible to compare the Ray log-normal st. d. o, [dB] 7.0-7.1 5.6-6.1 6.0
two models. In Table I, the estimated intra-clu_ster timeadn Ray DOD azimuth st. d. o, [deg] 40 23 10
parameters for the LOS and OLOS scenarios are presenteéay DOA azimuth st. d. o [deg] 17.2 17.3 N/A
and compared with the values from the IEEE802.11ad channéjay DOD elevation st. d. o4 [deg] 114 121 N/A
Ray DOA elevation st. d. oy [deg] 17.2 175 N/A

model for the conference room environment.

TABLE |
INTRA-CLUSTER TIME-DOMAIN PARAMETERS; COMPARISON WITH THE h I [ f th tandard d iati f the int
IEEE802.11D CONFERENCEROOM MODEL show larger values for the standard deviations of the intra-

cluster angular Laplacian distribution, especially foz thOD

Parameter Notation LOS OLOS 802.1lad in the LOS scenario. The reason for this could be related to
Ray decay ime  ~pre [ns] 4.6 4.8 3.7 differences in how the rays and clusters are identified.
Ypost [NS] 4.7 45 45
Ray K-factor Kpre [dB 8.6 10.3 10
Y Koot {dB} 90 110 142 C. Number of clusters and rays
Ray arrival rate Apr [1/ns]  0.90 1.1 0.37 In our results, we observed 6-12 and 8-12 clusters in the
Apost [1/ns] ~ 0.90 10 031 LOS and OLOS scenarios, respectively, with an average of 10

clusters for both scenarios. The average number of clusters
. the 15.3c model is 9, whereas the IEEE802.11ad model has a
Our results show larger values for the ray arrival rates ail I .
: ; . xed value of 18 clusters. This difference is due to the faat t
somewhat larger ray decay times. These differences might be . . o .
. . . . . the clusters in the IEEE802.11ad model are identified using
explained in part by differences in the measurement environ

ment but also due to differences in how the data analysis.ri"%y tracing, and several .Of those cIu.sters WO.UId be grouped
o one cluster when using a clustering algorithm.

X . ) : in
erformed. Since the rays in our analysis are estimatedyusin S

P Y Y 4 The observed number of rays inside each cluster ranged
from 1 up to 38 in one extreme case. The mean observed

a high-resolution algorithm in a real furnished environmen
larger number of rays might be detected, resulting in a dfe number of rays in each cluster was 7 for LOS and 9 for OLOS.
It was found that the number of rays in each cluster could be

ray arrival rate. The ray K-factors are however similar.
modeled using an exponential distribution. However, weehav
B. The IEEE802.15.3c Channel Model found that due to the ray decay and the large K-factor for the

The 802.15.3¢c channel model uses a Laplacian or Gal@YS: only the first 2-10 rays make a significant contribution

sian distribution, with standard deviatian,, to model the to the overall statistics of the simulated channel. Henlge, t
intra-cluster azimuth angular distribution of the raysides NUmMber of rays in each cluster is set to a fixed number in our

each cluster. The cluster and ray powers are modeled usiigdel; 6 pre-cursors and 8 post cursor rays for each cluster.
lognormal distributions with standard deviations and o,, 1€ Same values are used in the IEEE802.11ad model.

respectively. This is in agreement with the findings in this

paper, and our proposed model also employs a Laplacian VII.. CHANNEL MODEL VALIDATION
distribution for the intra-cluster angular distributioncalog- In order to assess the performance of the developed channel
normal distributions for the cluster and ray powers. model, it needs to be validated. In this section, in order to

The IEEE802.15.3c channel model supports several diferify the performance of the model, the following metrics
ferent scenarios and channel model parameters have basnused to compare the outputs from the channel models with
presented for desktop, office, residential, kiosk and tiprathe results from the measurements: the relative eigervaifie
scenarios [24]. Among these, the library scenario is maste MIMO channel matrices, the RMS delay spread and the
similar to the conference room scenario considered in ttd#rection spread. A large number of MIMO channel matrices
paper. In Table I, channel model parameters (both intett awere generated using the ray tracing and stochastic models,
intra-cluster parameters) for the IEEE802.15.3c libra@3. using the same array geometry, antenna patterns and array
scenario are compared with the parameters of our model. positions as in the measurements. For each array position,

It can be observed that our results show smaller values foequency transfer function®l(f) € CN+*~+ were generated
the ray arrival rate compared to the 15.3c model. On the otHer the samel9 x 49 MIMO configuration as in the measure-
hand, our results for the ray arrival rate is also larger carag ment, using a bandwidth of 2 GHz in the frequency range
to that of the IEEE802.11ad model. Furthermore, our resutt§ 61-63 GHz, with 1001 frequency points. This frequency



range was chosen since 60 GHz wireless systems typicdipes, and then taking the inverse Fourier transform. Thie,PD
use bandwidths as large as 2 GHz [2], [3]. Based on theBg(7) is then obtained as
results, we compare the statistical results from the modtal w

the measurements for the three chosen metrics.

Nt NT
1) Eigenvalues. The relative eigenvalues were calculated Pi(7) = ! Z Z |h(Sn, ,Sn,,T)|?, (13)
for a large number of) x 9 MIMO channel matrices. These NNy ne=1m,—=1

9 x 9 channel matrices are formed using rectangular subarr%/ﬁ

based on the larget9 x 49 channel matrices at each TX/RXarrzreoSrriltir??grs'g;{e:(ter? (_)l_tf szgnsrtﬁtg( g(r:tseltrlm?g r?;zt'\éi;\?etlhe
array position. We define theth relative eigenvalue to be y org y " » Fesp y:

The RMS DS is often calculated by only including values in
M the PDP that are within a certain range from the peak value. In
)\n,rel. - T . ( ) . N .
SN this paper, we apply a 30 dB dynamic range when calculating

. . . . Lhe RMS DS. The RMS DS is then calculated as
The relative eigenvalues are normalized with respect to the

sum of all eigenvalues, which means each relative eigeavalu
can be interpreted as a fraction of the total instantaneous > Py(r)7? > Pu(r)T 2
channel power. Fig. 11 shows CDFs of the four strongest T > Pu(7) - ( > Pu(7) )
eigenvalues for the stochastic and ray tracing models als wel
as the measurements, for both the LOS and OLOS scenarios,
using all Tx array positions. Both the stochastic and raging

(14)

LOS

10
models agree well with the measurement data, with a slightt 3 Measurement - LOS Pr“
| 3 Ray Tracing Model
better agreement for the stochastic model. 508 Stochastic Model
\%
T o6f
o
1 : : &
—— Measurement Z 0.4
- = =Ray Tracing Model g
® 0.8 = ~ - Stochastic Model [%)
@ S 0.2f
© @
g g
3 061 0 i i s s
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g RMS Delay spread [ns]
Soar (@
@
g oLos
5 0.2F 1r
= Measurement - OLOS
2 Ray Tracing Model
0 " so08 Stochastic Model
-35 -30 -25 20  -15 -10 -5 0 S
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@) &
Foaf
[
oLos a
1 2]
= 0.2
S
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T osf 0 : ‘ i
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é 0.6 (b)
g
S 04l Fig. 12. CDFs of the RMS delay spreads for the measuremeatadtat for
° a number of realizations using the ray tracing and stoahastidels, for the
3 LOS (a) and OLOS (b) scenarios.
5 0.2F
T v s - Fig. 12 shows CDFs of the calculated RMS DS for the LOS
Relative eigenvalues [dB] and OLOS scenarios. It can be noted that both models agree
(b) well with the measured RMS DS for the LOS scenario, as seen

_ o in Fig. 12 (a). For the RMS DS in the OLOS scenarios seen
Fig. 11. CDFs of the four strongest relative eigenvaluestfermeasurement . Fia. 12 (b). th traci del t d timat
data and for a large number of realizations using the raynigaand stochastic in Fig. (b), the ray tracing mp _e seems 10 un ere_s Imate
models in the LOS (a) and OLOS (b) scenarios. the RMS DS. The reason for this is not known, but might be

related to the fact the ray tracing model does not model all
2) RMS Delay Spread: The RMS delay spread (RMS DS)the details present in the room and also always places tduste
was calculated based on the power-delay profiles (PDPs) framthe same delays and angles for a given Tx-Rx setup.
the measurements and for the realized PDPs generated by thEhe stochastic model on the other hand, has a median
two models. The PDPs are calculated based on the chanvadle that agrees well with the measured values in the OLOS
impulse responses (CIRs). Each CIR(r), is derived by scenario, but exhibits a much larger variation compareti¢o t
applying a Hann window td(f) in order to suppress sidemeasured results. Given that only 15 measured values of the
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RMS DS is available for this comparison, it is difficult toltel VIIl. CONCLUSIONS
whether this variation is reasonable or not. Based on regort

stochastic modeled is reasonable. a VNA-based measurement system witkx 7 planar virtual

3) Direction Spread: Lastly, the direction spread was choyrays at hoth the Tx and Rx sides. The measurements included
sen as a metric to evaluate and compare the statistical@ngylqits from 17 LOS and 15 OLOS scenarios. A large number
properties of the models and the measurements. For t§iS\pcs were estimated using the SAGE algorithm and
comparison, the MPC estimates from SAGE for the measufgz, clustered using the K-power-means algorithm. As the
ments are used in the evaluation. The direction spreadis  4ntenna patterns were de-embedded in the SAGE algorithm,
calculated for each scenario, usilgMPCs, as [28] the proposed channel model supports different antenna type
and array geometries.

7 The intra-cluster properties describing the rays in each
_ B 9 cluster are modeled stochastically. Estimated paramébers
o0 = lz; e, 00) = mal*P(dr, 60), (15) the ray decay time, K-factor and arrival rate have been
- presented. It has also been shown that the intra-clustéesang
whereP(¢;, 0;) is the normalized power spectrum, whereas are appropriately modeled using a zero-mean Laplaciari-dist
and ¢; denote the azimuth and polar angles of ttte MPC, bution and that the ray power distribution around the mean ca
respectively. The mean directiop,,, and the unit vector for be modeled using a log-normal distribution. Furthermore, w
the direction of thdth MPC, e(¢;,6;), are each given by ~ have shown that the angular characteristics of the MPCs and
clusters exhibit a clear delay dependence related to dveral
. geometry of the room as well as the objects in the room.
Our proposed channel model includes two novel methods
po = D elon0)P(6n0), (16) o mgderl)ing the cluster angular and delay properties; one
= semi-deterministic model using ray tracing and one stdahas
model using joint angular-delay pdfs. Both of these models
e(ér,0) = [cos(¢y)sin(6;),sin(¢y)sin(6;),cos(6;)]”. have been validated against the measurement data usireg thre
different metrics; the relative eigenvalues, the RMS delay

Fig. 13 shows CDFs of the direction spread at the Tx sidpread and the direction spread. Both models agree redgonab
for the models and measurements. The stochastic model tewadl with the measured data. We have also provided a detailed
to agree quite well with the measurement results, whereas tomparison of the channel model parameters with those of the
ray tracing model tend to underestimate the direction shredEEE802.11ad and 802.15.3¢ channel models.
especially for LOS scenarios. This is likely explained bg th
fact that an oversimplified geometry was used in the ray
tracing model. In the measurements, there are severalgstron
reflections from objects in the environment such as ceilifg§ R: C. Daniels, R. W. Heath, "60 GHz Wireless CommunicagioEmerg-

ing Requirements and Design RecommendatioHsEE \eh. Tech. Mag.,
lamps and bookshelves [18], and these effects are not takenq| 2 no. 3, pp. 4150, Sep. 2007.
into account if the room is modeled as rectangular box with] IEEE802.15.3¢c-2009, Part 15.3: Wireless Medium Acd@satrol (MAC)
tables as the only objects in the ray tracing routine. This and Physical Layer (PHY) Specifications for High Rate Wissl@ersonal
o . . . G Area Networks (WPANs), Amendment 2: Millimeter-wave- béddter-
shows that it is of importance to include finer details in the aive physical Layer Extension, Oct. 2009.
environment when using a ray tracing-based approach. A$BRIEEE802.11ad draft, Part 11: Wireless LAN Medium AcceSsntrol
result, this makes it even more challenging to develop algimp (MAC) and Physical Layer (PHY) Specifications Amendment 8- E
. . . hancements for Very High Throughput in the 60 GHz Band, D€4.12
ray tracmg-based model that effectlvely models the stetis [4] C. Gustafson, F. Tufvesson, "Characterization of 60 G3tedowing by
behavior of 60 GHz radio channels. Human Bodies and Simple PhantomB4dioengineering, vol. 21, no. 4,
December 2012.

[5] X. An, C. Sum, R. V. Prasad, J. Wang, Z. Lan, J. Wang, R. Hakm
—— Veasurement LT T T H. Harada, and |. Niemegeers, Beam switching support tovedimk-
|| —— Ray Tracing Model| ,* Rty e ] blockage problem in 60 GHz WPANByoc. |EEE Int. Symp. on Personal
—— Stochastic Model | * I Indoor and Mobile Radio Comm., pp. 390-394, Sep. 20009.
. St [6] A. Maltsev, R. Maslennikov, A. Lomayev, A. Sevastyandv, Khorayev,
"Statistical Channel Model for 60 GHz WLAN Systems in Cowefece
Room Environment” Radioengineering, vol. 20, no. 2, June 2011.
! o ' [7] S. J. Lee, W. Y. Lee, "Capacity of millimetre-wave mulgpnput
! S multiple-output channels in a conference rooET Communications,
Ry vol.6, no.17, pp. 2879-2885, November 27 2012.
i i i i [8] M. Park; H. K. Pan, "A Spatial Diversity Technique for IEEE302.11ad
0 o1 0z 03 °,-;‘"em§n-5sp,e§f 07 08 09 1 WLAN in 60 GHz Band,”|[EEE Communications Letters, vol.16, no.8,
pp. 1260-1262, August 2012.
; s ; [9] X. Zhu, A. Doufexi, T. Kocak, "Beamforming performancaalysis for
gg.olss-sce(rigr'izossczfs;?iz Ijnc/ilerse)(.:tlon spread in the LOS (dashedesjrand OFDM based IEEE 802.11ad millimeter-wave WPANBL}i I nter national
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