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Abstract—We consider channel/subspace tracking systems for close-to-optimal data rate in a cost- and energy-efficieat w
temporally correlated millimeter wave (e.g., E-band) muliple-  [4]—[6]. Unlike the conventional digital precoding/combig
input multiple-output (MIMO) channels. Our focus is given to the technique, the analog precoder/combiner are composed of

tracking algorithm in the non-line-of-sight (NLoS) environment, . . .
where the transmitter and the receiver are equipped with hylwid groups of phase shifters. This is, the weights of the analog

analog/digital precoder and combiner, respectively. In tle absence precocer/combine_r have constant-modulus property, imgos
of straightforward time-correlated channel model in the millime- hardware constraints.

ter wave MIMO literature, we present a temporal MIMO channel Following the parametric channel model from conventional
evolution model for NLoS millimeter wave scenarios. Consid MIMO systems|[[7], the millimeter wave channels can be mod-

ering that conventional MIMO channel tracking algorithms in . .
microwave bands are not directly applicable, we propose a eled using angles of arrival (AoA), angles of departure (joD

new channel tracking technique based on sequentially updatg and propagation path gainis [11.| [2].][4L.][8]. The number of
the precoder and combiner. Numerical results demonstratehte  propagation paths is limited, resulting in a sparse channel

super_io(; char(;nelt trackijr}g ability ofhthetr?roposed tt%Ch';iqU; due to the directional transmission and high attenuation of

over independent sounding approacn In € presented chanhe i HR H H o

el ang the spatial cha?meplpmodel (SCM) padopted . seos milimeter waves. To facilitate the hybrid precoding/cdnibg

specification. techmques, usable ch_anngl estimates at thel MS and BS are
crucial. However, estimating the channel via conventional

training-based techniques is infeasible and ping-pongdas

door/outdoor channel sounding (or sampling) techniques ha

recently been studied inl[1]L][2]][4]. The channel sounding

. INTRODUCTION probes the channel using a set of predefined beamforming

It is now well projected that conventional cellular system¥ectors, i.e., codebook, for a fixed number of channel uses,
deployed in the over-crowded sub-3 GHz frequency banBQ_d s_elects the best beamformer/precoder according t@ircert
are not capable to support the recent exponentially growiftera. _ _
data rate demand, even though advanced throughput boostintf/MO systems, in practice, can leverage temporal correla-
multiple-input multiple-output (MIMO) techniques are emlion between channel reallzgtmns to fl_thher enhgnce tee sy
ployed. Thus, there is gradual movement to shift the opegati®®™M performance. The previous work in conventional MIMO
frequency of cellular systems from the microwave spectrufi@tial multiplexing systems devises various subspackitra
to millimeter wave spectrum (3 GHz to 300 GHz). The largiechniques, e.g., stochastic gradient approach [9], geode
bandwidth available in the millimeter wave spectrum makes Precoding [10], and differential feedback [11], in temgtyra
application for indoor[[] and even outdodr [2] transmissiocorrelated MIMO channels. These tephmqugs_adapt the pre-
feasible. coder to the temporal channel correlation statistics aecethy,

However, outdoor millimeter wave channel is challenging{’.nhancmg the system performance. Although the extendion o
The millimeter wave propagation suffers from severe patf€Se téchniques to the milimeter wave MIMO systems is
loss and other environmental obstruction$ [3]. The smdlPt straightforward, it would be possible to devise a useful
wavelength of the millimeter wave (relative to the microejpy ¢hannel tracking technique by modifying the previous work
ensures that large-sized arrays can be implemented witr€8- [91-11]), which is our focus in this paper. .
small form factor. As a result, these outdoor challengesbean !N this paper, we propose a channel tracking technique
overcome by providing sufficient array gain using largeediz o1 the millimeter wave MIMO systems employing hybrid
array antennas and analog beamforming and combining at Bfgcoding/combining architecture in the temporally clared
base station (BS) and the mobile station (MS) [2]. Hybri!lMO channels. We assume a time division duplex (TDD)
precoding/combining, consisting of analog and digital-pré¥YStem exploiting channel reciprocity. The primary chagies

coders/combiners at the BS/MS, has been investigated to sH$e face here are how to tractably model the channel evo-
lution in the millimeter wave scenario and how to devise a
The authors at the City University of Hong Kong were suppbiite part hybrid precoding/combining algorithm that efficiently dks
by Huawei Technologies. , _ _the channel evolution. In the absence of a tractable terfipora
H. Ghauch is also affiliated with the School of Electrical Ewmgring lated milli h | del fi .
and the ACCESS Linnaeus Center, Royal Institute of Teclyyl(KTH), correlated millimeter wave channel model, we Tirst present,

Stockholm, Sweden. Email: ghauch@kth.se this paper, a temporally correlated MIMO channel evolution

Index Terms—Millimeter wave MIMO, temporally correlated
channel, channel/subspace tracking, spatial multiplexig.
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Analog Analog |[W,U,||% = N,. The N, and N, s, respectively, denote the

Precoder

oo B, Pt wave hannel MW cmne  number of antennas and number of RF chains at the MS. The
Z‘;:i:;.‘;i‘i“? y Ly Iy _&Zﬁ:ﬁ;ﬁlﬁ‘f H, € CN*Nt js the millimeter wave channel from the BS to
R clain -3 3 RE chain . MS, whereN, denotes the number of BS antennas. We assume
S, V., : : I : U, |y, for simplicity that both BS and MS have the same number
P i : s | _ of RF chains. TheV,, € CV*Ne and F,, € CNt*Nws
s [N DI ‘ :contrater + — represent the digital precoder and analog precoder at the
1 T% h R:"T Tt BS, respectively, with|F,,V,,||2 = N,. Thes, € CN:x!
Analog + Digital Precoder Tracker | BS MS | Analog + Digital Combiner Tracker in @) is the data symbol vector transmitted from the BS,
constrained to haveZ[s,s;] = x-Iv,, andn, € CN*!

Fig. 1: Block diagram of millimeter wave MIMO hybrid precod-; " ; : fatr 2

ing/combining and channel tracking system. is the_addltlve Gaussian noise dlgtrlbutedCHs’(O,g In,).
The digital precodeV,, and combinerU,, can adjust both
the phase and amplitude, while only phase control is allowed

model by modifying the parametric channel models. THeS Seen from Fig.l1, for the analog precoBgrand combiner

proposed channel tracking algorithm is based on updati?@n' 1.€.,
each column of the analog precoder and combiner. We call |F(i,j)| _ 1 1
this approach the mode-by-mode update, where each mode " N VN,
represents_ one column of the analog precoder and combiwé assume that the phase of each elementFin and
It sequentially adaptg the aqalpg precodgr. and comblner‘pn is quantized toQ bits, ie., AF%”), ZWS’J) c
the te_mporal correlation statlstlcs._The digital precoded 2m(h), ’2ﬁ(2<’;’—1)}_ In general, we make an assump-
combiner updates follow a conventional MIMO precoder a 7
. . ) : X n that Ny < N,y < min(N;, N,.).

combiner design procedure. Simulation results verify that
the proposed channel tracking technique successfullkgra -
the channel variations in the presented temporally cdﬂéla‘;\B/l' ;’Zmporally correlated Millimeter Viéve MIMO Channel
channel model and spatial channel model (SCM) [12]. 0

The rest of the paper is organized as follows. SectionBased on the parametric channel model, the millimeter wave
Il describes the system model and presents the tempordfjMO channel can be reasonably modeled by manipulating
correlated millimeter wave MIMO channel model, Section Iifhe AoAs, AoDs, and a limited number of propagation path
details the proposed tracking technique, and the numeri€gins, e.g.,[[1],[[2],[[4],[[8]. We assume NLoS scenafib [4],
results are presented in Section IV. Concluding remarks avgere the propagation path gains are modeled as independent

and|W (/)| = Vigo (2

given in Section V. and identically distributed (i.i.d.) Gaussian random ahles,
NtNr *
Il. SYSTEM ARCHITECTURE AND TEMPORALLY H, = 7 A.(0,)D,Af(¢,), (3)

CORRELATED CHANNEL MODEL

In this section, we describe the system model of the m
limeter wave MIMO hybrid precoding/combining systems. Wi
then subsequently present the temporally correlatedmatter
wave MIMO channel model.

ﬁyhere D, = diag(an1,anr, -, an]’) € CE*E
s the propagation path gain matrix. The,; denotes
e gain of ith path with a,,; ~ CN(0,1) for i =
1,---,L, where L is the number of propagation paths.
The ¢n = [¢n,17¢n,27"' 7¢n,L]T S RLXl and On =
. 01,002, 0, )7 € REX1 in @) denote the AoDs
A. System Architecture and AoAs of L independent paths. We assumg;, ¢, ; ~
Assuming a narrowband block-fading channel model ang(—x, ), Vn,i. The A;(¢p,,) € CN*L and A,.(6,) €
N, data streams, the output sidhal, € CV=*! in Fig.[l at CN-*L in @), respectively, represent array response matrices

the channel block in the downlink is modeled via at the BS and MS,
o * * * * 1
yo=U W 'H,F,V,s, +U;W:'n,. (1) Ao,) = [ (dn1),a(dn2), - »ar(dn.r)] (4)
V' Ny

TheU,, € CN»xNs andW,, € CN*Nrs represent the digital

combiner and analog combiner at the MS, respectively, witl!
1

1 A bold capital letterA is a matrix, a bold lower case lettaris a vector, AT(G”) - \/N_
anda is a scalar||A || 7 is the Frobenius matrix norm ok. Superscripts’, "
*, ~1, and' denote the transpose, Hermitian transpose, inverse, ameMo  With uniform linear array (ULA) assumption, the (¢, ;)
Penrose pseudoinverse operations, respectively:’), A", [A]. 1.1, and  in (@) anda,.(6,,;) in @) are given by '
[A]1:n,: denote theth row andjth column entry ofA, thenth column ofA, ’
the first M columns ofA, and the firstM rows of A, respectivelyl,, is the ar(fn) = [1 6J‘27”dsin(¢n,z) ej(anl)zT"dsin(tbn,z)]T (6)
M x M identity matrix.x ~ CN(m, Y) represents the complex Gaussian ™ ’ .
random vector with meam and covarianceX . diag(A) extracts diagonal and
elements of the square matrix and put them into a vector, while digs) om
stands for a diagonal matrix with on its diagonal entriesX ~ U(a,b) ar(0,,) = [1,e X 45nlnd)
denotes the random variable uniformly distributed on theriml [a, b], and ) ) . )
EJ[-] denotes the expectation operator. where\ is the wavelength and is the inter-antenna spacing.

[ar(0n,1),ar(On2), -+ s ar(On,0)]. ()

76J‘(NT71)2T”dsin(9nyl)]T7 @



One Channel Use

Based on the channel model ifl (3), we now present a

temporal channel evolution model. The evolutiontdf from MS- - -:I

nth channel block tdn + 1)th channel block follows One Chamel Use
[ (I |

|
\

NN, * ]
Hos = /=7 Ar@n)DniAi (G, @ o | o | | L TOTEE
Sounding | Sounding | Fstimation | Estimati issi | Transmissi |
JL J
where CllallnellSu'bspace Tracking Data 1~ra:smission T
_ /1 2 Fig. 2: The graphical description of the proposed chanule$isace
Drt1 = pDn+ V1= p"Bays, ) tracking technique.
A, (0n+1) =A, (On + Aon)v (10)
A. Downlink Sounding and Analog Combiner Update
The p = Eloiap,, ;] € [01], i =1,..., L, is the time cor-  The gownlink sounding is exploited to update the analog

relation coefficient, which follows Jakes’ model[13] acdiog  compiner by utilizing the knowledge of previous analog com-

o p = Jo(2nfpT). The Jo(-) is the zeroth order Besselpiner and time correlation statistics. Thus, given the amal
function of first kind, and the’p and7" denote the maximum ompiner at instants, W,,, our aim is to leverage the

Doppler frequency and channel block length, respectiiél .o relation coefficienp to compute the update faW,,, i.e.,
fp = fev/c, wheref., v, andc represent the carrier frequencywnﬂ done in a mode-by-mode fashion.
(Hz), the speed of the MS (km/h), and= 3 x 10° (m/s), Given that each mode is unit-modulus (i.€] (2)) and that

respectively. TheB,, ., in @) is the diagonal matrix with 4qiacent channel blocks are temporally correlated, itghlyi
diagonal entries drawn froldA/(0,1) and independent from likely that W,, and W,,., are relatively “close”. Thus, we

D,,. As shown in [(®), the evolution of the propagation path st construct a rotation codeboak= {Ci,---,Cn}, C; €
gains is modeled as the first order Gauss-Markov process. We, x v, C:C; = C,C: =1y, fori=1,---,N. By apply-
gssumﬁ that angle variatiodsd,,, A¢,, ~ U(—0, ), whered ing each element ig to W), i.e., C,W k=1,-.. N,
IS smail. we can generate codewords for the updatémﬂl, which
are “close” toWS). This set of codewords for the update of
I1l. SUBSPACE TRACKING: ALGORITHM DEVELOPMENT  (th mode can be collected as a matrix,

. . . W - 0 ... () —1.... .
In this section, we detail the proposed subspace trackmg‘V”“vl =[CiWy7, - Ca W) E=1,- Ny, (12)
technique, consisting of tracking each nfda¥ the analog where the construction/selection @, --,Cy is investi-

precoder and combiner one at a time (by generating a CQited in SeETI-C. This lattéW . , ; is applied to the received
trolled perturbation around the previous mode), then ¥edld  signal at the MS antenna to yield

by the digital precoder and combiner update. The motivation .y e,
of the mode-by-mode update lies in that we can sobhg Xp41,0 = Wi (Hop1 Fn Vs + WE L mp g, (13)

code_words per channel use by taking the ad_vantage of hEere F, and V, are the analog and digital precoder at
hybrid architecture 4] Therefore, the sounding overEeaElhannel block:, respectively, and is the training vector, e.g.,

could be significantly reduced. As shown in Hi§. 2, the channg_ones. Givenx,,.1 1, the index of the optimal codeword is
block durationT" is decomposed inté phases - the focus of '

this work is on the firstt phases. kr = argmax(|xpp1.1(k)|?) (14)
This section only focuses on the downlink sounding used to ! 1<k<N " ’

up(_jate .the analog combiner ($ecTll-A), ar_wo! downl'nk,Chann\?/herean 1(k) denotes théth element ofx,,; ;. Note that

estimation phase used to update the digital combiner (Qﬂ% ' !

total number of soundings for each mod 7@’— A. From
[I-B). The exactly same reasoning applies for updating the o ) g B ¢ rf ]A
analog and digital precoders as well, and will thus be omhjtte(14), theW,, 4, is determined by thé;th column ofW ;1.
for simplicity and conciseness. The generation of candidate vectors for the second to last

We summarize the main steps of the algorithm. For eagp]ode update is slightly different from that of the first mode

mode, we construct a codebook by rotating the previous mold\%date' For the second to last mode, the additional step of

using a group of rotation matrices J11],]14], and then Waubtracting _the effect of the previou§ly updated modes, is
select the best codeword that maximizes the received povﬂﬁ?deq This can be done by employing orthogonal subspace
After the analog combiner and precoder design, the digil@\rlolecuon’

precoder and combiner follow using pilot-aided converdion Wn-’-l,l =(Iy, — @(@*@)71@*){;\7—”“,“ 1>2, (15)
channel estimation of the effective channel.

given by

4 In fact, we can sound maximunV,.; vectors inW, ., ; per every

2Recall that the mode represents one column of analog precamt channel use. Thé(L3) is formulated by taking all the soupdis whole for
combiner. the purpose of simplicity. Since the number of analog chiing, ;, the total

3The sounding overhead, here, is the total number of charsesl needed number of soundings for each mode[iﬁfj—f], which reduces the sounding
to design the analog precoder and combiner. overheadN,.; times.



where characterizing the statistics of the effective channell@l)

1 -1 Nox(l—1 is not tractable, we rather employ a simple least squares

©= [Wgﬁ)l’ o ’W;H)] € iy, (16) (LS) channel estimation technique [15] and leave any piEssib
As the codebookﬁ\/‘nﬂyl for | = 1,---,N,; does not improvements (e.g., using Kalman tracking, particle fiter
guarantee hardware constraint, one possible approach i®) for the future work.
construct an overcomplete matrican € CN-*Nen Ny > Assume a unitary training signdP ¢ CN->xNe | e,
N,, with each column vector in the form of array responsBP* = In_, with Np > N,; being the channel training
vector, i.e., Acan = |a(¢1),--,a,(pn,)], Wherep; = blocklengt. The received signal during the training phase is
—w+% fori =0, -, Nean— 1, and replace each column Qui1 = Hop16fP + Zsr, (20)

vector of W, 11 ; with one fromA ¢, With the closest distance.
Note that the phases of the entriesAn,, are also quantized
using @ bits. The replacement of theith column vector of
W,,.1, can be accomplished by

whereZ,, ., € CNr+*Nr is the additive Gaussian noise matrix
with its elements i.i.d. a€N(0,0?%). Then, the LS channel
estimate yields

I/_inJrl.,eff - Qn+1P*- (21)
* _ : w () A () . . . .
my = fggle\}n \/1 - |VVn+1,lAc%m|2 A7) The singular value decomposition (SVD) is applied to de-
== e composeH, 1 e = U,y1A,11 Vi, where U, €
and WM _ Al 18 CNrs*Nes and V1 € CNor*Nes denote the left and
n+1,0 — fican - (18) right singular (and unitary) matrices &1, 1 e, resEectiver.
As a result, the matrixW,,;, in (I8) produces nearly The Ani1 € RN";XN”f is the diagonal matrixA,, =
orthogonal columns to the previously updated modes, makif@d([A1 -+, An,, J7) with A > Az = - = Aw,, 2 0.
W1 approximate unitary matrix. Then, U, 41 = [U,41]..1.n. IS selected as the digital combiner
The selection of the optimal column fwgll for | > 2 atthe MS (the same applies for the digital precoder update in

follows the procedures i {13) and {14). The above process§ uplink).
repeated for a numbé@y,ax of channel blocks (summarized in

Algorithm 1). C. Design of Rotation Codebook
_ _ This subsection concerns systematic design of the rotation
Algorithm 1 Analog Combiner Update codebookC. In our approach, the generation @futilizes a

basis codeboolR = {Ri, - ,Ry}. Each codeword®R; €

L Initial - Values: Wo, Fo, Vo, Uo, p, Acan C = oN.XN. from R is structured such that

{Clv"'acN}- i
3 fori=1,---,N,r do i == ‘ s i=1,---, N,
W ol 1. 0 exp(jon,)
4 Wn+1,l =[CiWy',--- ,CN W3], (22)
5 if 1>2 then(l) (1), Op € {0, 2MDT k= 1,... N, and M is a positive
6: 6= (Woi s W'l L prime number such that/ > N,. Note that givenR, R’
7: W1, =1y, —O(O"O) 10" YW, 11 is diagonal, and thus is a unitary matrix (wheree R can
8 end if be any real number, but in our cases 1, ..., N). The basis
) oy - codebookR can be reasonably designed by maximizing the
o Replace each column a¥.,.1,; according to[(1I7) minimum chordal distance between any two codewordR jn
10: and [18). - ie.
11: Xn+1,l = W;+171Hn+anvn§ + W;+17lnn+1;
12: kr = argmax(|x,, E)|?):
IR e (B R =argmax | min /N, —|diagR:)"diagR;)[* | . (23)
13 ngl = Wfﬁil, (R} Rj;,R]jEﬁ
14f end for Note that the latter design criterion does not adapt to
15: end for the temporal correlation structure of the channel. Where tim
correlation is presented (i.e., when modes of adjacentr@ian
blocks are “close”), the adaptation of the rotation coddboo
B. Digital Channel Estimation and Combiner Update R follows
After the analog combiner update, the digital combiner Gi = ey, + f1_ 2 R, Vi=1,.-- N. (24)

is updated during the downlink effective channel estinmatio

(phase 3 in Fig[l2), based on well-known pilot based chaWe model thee as a linear function o, i.e., e = vp with
nel estimation schemes. The effective chanBg),1er € 0 < 7 < 1. The [23) is applied to generate points (or
CN=+*Nrs can be expressed as, perturbations) on a sphere centered at the peipt. with

radius V1 — €2. Since G; is not a unitary matrix, we need
Hn+1,eff - WZ+1Hn+1Fn+1a (19) ’

5

Wheran+1 is the updated an_alog precc_)der dyring the Segogqhe total number of channel uses needed to design theldigécoder and
phase of the channel tracking technique in Hif. 2. Sineembiner.

Similar to the definition of the sounding overhead, the trejnoverhead



to project G; onto the unitary matrix space. The projection ®
can easily be implemented by normalizifg; such that
C; = G;/|/diag G;)||2, which yields the rotation codebook
C used to rotate the previous mode [[n](12).
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IV. NUMERICAL RESULTS

——p =0.99 (v = 1.0 km/h) for channel model in (8)
—p—p =0.90 (v = 3.0 km/h) for channel model in (8)
—0—p =0.80 (v = 4.4 km/h) for channel model in (8)
—+— Independent sounding for channel model in (8)
-0-v=1.0 km/h (p =0.99) for SCM

- P-v=3.0 km/h (p =0.90) for SCM

=9 -v=4.4km/ (p =0.80) for SCM 1
- % - Independent sounding for SCM

The Monte Carlo simulations are carried out to demonstrate
the performance of the proposed tracking scheme. We eealuat
the achievable throughput at channel blogkwhich can be
expressed as

Achievable throughput (bits/sec/Hz)

1 * * —1y7x* *
Ry, —log, (det(INS oy (LW WU, U Wi,

0 1 2 3 4 5 6 7 8 9 10

FnVnV;F;H;WnUn)) . (25) Channel block indices

. . . Fig. 3: Comparison of achievable throughput of the propasethnel

We setNy = N, = 64 with N,y = 4, i.e., 4 RF chains, {racking scheme, for both the channel model in (8) and SCM (fo
d=3,andL = 4. several values of).

We adopt the SCM[12] to emulate a close-to-real millimeter
wave propagation environment. For the SCM channel emula- ) )
tion, we choose theurban micro’ environment. In order to 1 he benchmark scheme (also called independent sounding
satisfy the sparsity property of the millimeter wave MiMOScheme) consists of independently updating the analog pre-
channel, the number of paths is set4toand the number of coder and combiner in each channel block without adapting
subpaths per path is also set4oWe set the powers of the to the channel statistics, which means the codebook is:sFati
paths t0[0.8893 0.0953 0.0107 0.0047]. Note that the default 2cross all channel blocks. The digital precoder and combine
value of subpaths per path [ ]12]96, so we just pick the first designs follow the same procedures of our proposed chan-
4 subpaths in our case. The inter-antenna spacing is also sei§! tracking technique. As for the initial channel block of
2 at both the BS and MS. We assume the system is deployd4f Proposed technique, it follows the independent soundin
in E-band and set the carrier frequency GHz. For the scheme. In addition, we fix the total overhead in both schemes

evaluation, as shown in Fig. 3, several values of velocity f&° P similar, i.e., the proposed scheme tak@shannel uses
the MS are considered (e.g:,= 1.0,3.0,4.4 km/h). Notice while the benchmark scheme requiggschannel uses (for the
that we can not set thp parameter in SCM. We keep thePurpose of fa_irness). Thus, the resulting total overheath®f
default values of SCM for the remaining parameters. casep = 0.9 is 12% for our proposed scheme aré% for

The maximum number of channel blocks,., is set to the independent sounding scheme, making both reasonable.
10 in our simulation. The number of training sequences for 1he curves in Fig[l3 show that the proposed scheme is
the digital combiner update i&p = 1.5N,, and the SNR able to track both the temporally correlated millimeter wav
(ie., 1/0?) is set to0 dB. The Aan is with the form of MIMO channel model in [(8) for differenty values and
array response matrix (e.g., (4) and (5)) with 200 column§,CM for dl_fferent v§I00|t|es. In Fig. 3, we alsol specify the
i.e., Nean = 200. The Q = 4 bits are used to quantize thecorresponding velocity) valug fqr eachp (velocny). value.
phases of analog combiner and precoder. We assume that tig Proposed scheme has similar performance in terms of
5 for angle variations in Section Il increases linearly with achievable throughput in the presented channel model and
§ = 3.0°,9.0°,13.2°, corresponding to the aforementioned SCM whenwv = 1 km/h. Despite requiring slightly less
values. Forv = 3 km/h and f, = 72 GHz, the maximum total overhead, the proposed tracking scheme significantly
Doppler frequency is'p = 200 Hz and the coherence time isPUtPerforms the independent sounding scheme.
roughly 7. = 5 ms. If we define the channel block length as V. CONCLUSION
10% (with sufficient coherency) df., then the latter i9.5 ms: Wi dach ' | ki h ilored f
this value, along with calculated maximum Doppler frequenc I € proplosed SLC Sann_e”_trac Ing sc ﬁ/lr?ﬁéa' %re olr teTrEpo-
result in the temporal correlation coefficient bejmg- 0.9037, rally correlate 0S5 millimeter wave channeis. the

according to Jakes’ model [13]. We fix the channel bIocRrOpOSEd_ scheme ad_apts o chgnnel correlation statigycs,

length to be0.5 ms for the computation of thg values and constructing well-designed rot.atlorl1 codebooks, and qu:ie}t

associated velocities. We further assume the system eEanH1 ana!og pfeCOd‘?r and combiner in a mode-by-mode fashion.

the OFDM technique accommodating a broad bandwidth of imulation results illustrate that the proposed chanaeking

GHz with oversampling factot.1. Then, provided 024 FFT scheme outperforms the independent sounding scheme in the
. S ’ ; - resented parametric channel evolution model and the SCM.

size, one OFDM symbol duration iﬁ_% ~ 1 us, |mp_ly|ng P P
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