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Abstract—Wideband high-dimensional antenna arrays are ex- This leads to beam squint [10], i.e. beams changing directio
pected to play a key role in future 5G wireless systems. Due with frequency. While current systems using relatively Bma
to narrow beamwidths, phased array/beamforming methods & 514y and sub-bands of the available bandwidth can use-beam

the natural choice for design and analysis of high-dimensital . . o .
MIMO systems. However, conventionai methods are based on forming designed for each sub-band to mitigate this problem

the narrowband assumption which is violated as the bandwict [11], this solution does not scale. Traditionally, true &¢im
and array dimension increase. In this paper we revisit the us delay beamforming [12], [13] that replicates this frequenc
of high-dimensional arrays in line-of-sight single-inputmultiple-  dependent beam angle has been used to solve this problem.

output (SIMO) systems. We develop a channel model that revéa  yqvever, the high dimension of mm-wave arrays makes digital
coupling between the spatial and temporal dimensions thatsi '

not captured by conventional separable models. We then apypl 'mplememat'on 'mp_racucfal and presents S'gn_'f'cam emgles
beamspace MIMO (B-MIMO) theory - system representation {0 scaling up the dimension of analog true time delay beam-
with respect to orthogonal spatial beams - to analyze system formers (e.g. [14], [15]).

pherformance. Ohur_analysisf revealz_a key dispe(rjsigm Laqt(;"ﬁch In this paper we consider wideband LoS single-input
performance, We Show that A, chivacterizes. the magnitude MUltiple-output (SIMO) communication induced by a uniform

of the coupled signal dispersion in spatial angle and time. fiis linear array (ULA) of antennas at the receiver. We develop a
leads to new B-SIMO transceivers that use on the order of\., channel model that reveals the coupling between the spatial
beams to deliver near-optimal performance with dramaticaly low and temporal dimensions that is not captured by separable
complexity compared to the optimal receiver. We present rasits  narrowband models. We then apply the concept of beamspace

that demonstrate the significant losses incurred by phasedraay ) _ : ;
receivers, and the near-optimal performance of low-compbety MIMO (B-MIMO) — system representation with respect to

B-SIMO transceivers. Extension of the new wideband LoS SIMO  Orthogonal spatial beams — to analyze system performarttce an
model to MISO, MIMO, and multipath scenarios is outlined. develop new transceiver architectures. This analysisate\e

Index  Terms—beamforming,  millimeter-wave,  high- key channel dispersion paramet&y,, that quantifies the im-
dimensional MIMO, massive MIMO, wideband MIMO  pact of the array dimension and bandwidth on the magnitude of
the dispersion in space and time. Additionally,, represents
|. INTRODUCTION o the number of orthogonal beams needed to capture the effect
Bt beam squint over the bandwidth of interest. This leads

ing with the _prolifgratior_] of data intensive wireless desc to new B-SIMO receiver architectures that sample a small
Wideband, high-dimensional antenna arrays are expected fo .. o orthogonal beams on the orderof, to deliver

be alkey 'Fechnology for enablmg hlgh data rates and netwqiKar optimal performance with dramatically reduced comyple
functionality in 5G. In particular, millimeter-wave (mmawe) v compared to the optimum receiver that we characterize
systems operating from 30-300 GHz are a natural settinf,y show to correspond to true time delay beamforming).

for wideband high-dimensional multiple-input multipledput Analvti :

: . ytical and numerical performance results are presente
(Mclj'\ﬂo) ozeranolp throulgh orr]der_ls_;]of-lmagnltudeblargefrQ?Mn%_‘at demonstrate the significant losses incurred by phased
widths and small wavelengths. The large number of MIV ray based receivers even at relatively narrow bandwidths
degrees of freedom can be exploited for a number of criticgl "o flexibility of the low-complexity B-SIMO receiver

ca_pa}billities, inclu_ding [1.]_[4].: high_er. a“te”'.“a/bea_“'"“m.g to optimize the performance-complexity tradeoff inheremt
gain; higher spatial multiplexing gain; and highly directal ;o gimensional systems. Finally, we outline the extensi

communication with narrow beams. . of the wideband LoS SIMO model to MISO, SIMO and
Due to narrow beamwidths, wireless channels induced v

. . . . X ) rWuItipath scenariodNotation: x is a vector;X is a matrix;
high-dimensional arrays are dominated by line-of-sigi). ) is a vector valued function of time with Fourier transform
and sparse multipath propagation. This motivates the use Ef) = Flz(t)} = [ z(t)e > tdt
phased array/beamforming models for system analysis [1], = = '

[2], [5]-[9] and analog beamforming transceiver architees 1. SIMO LINE-OF-SIGHT SYSTEM

based on phased arrays [8] and lens arrays [1], [5] . However,
these models are based on a narrowband assumption, wrﬁi(é
is violated as the bandwidth and array dimension increa%ec

onsider SIMO communication between a single antenna
smitter and ard/-dimensional ULA receiver operating at
arrier frequency.. The two-sided signal bandwidthi® =
This work is partly supported by the NSF under grants ECOs73@3 and  fc » @ € (0, 2], wherea is the fractional bandwidth; typically
1IP-1444962, and the Wisconsin Alumni Research Foundation a < 1. The transmitter sends a signdk) of durationT that
belongs to a signal space of dimensidn~ T'W.



A. Antenna Domain and Beamspace Representations In narrowband systems the effects of the delay@n can be
As we show is Sec. II-B, in contrast with separable phaséghored resulting in the baseband phased array model:
array based models, th&/-dimensional complex baseband - ) -
signal received at the antenna arrdy) is related tos(t) via A ;](t) N al";(_eo)s(t_) + M(?b’ ﬁéT)_;ha_M(oo)a(T)h'_ _ ©)
_ B s the array dimension and bandwidth increase this is net tru
r(t) = (hxs)(t) +w(t) ; B(f) =H(F)S(F)+W(f) (1) and the baseband channel spatial impulse response is
whereh(r) is the M x 1 spatial channel impulse response, _ i R P _
H(f) = F{h(r)} is thespatial frequency response, andw(t) h(r)=ha ()], hu(r)=e _ WSIIHC(W(T kéT)). (10)
is a spatially and temporally white complex additive whit&vhere k € I(]}\]/f) and bandlimitation leads to theinc(-)
Gaussian noise with power spectral densfy. function. Thekt" element of the spatial frequency response is
The beamspace channel representations in time and fre- Hy(f) = F{hp(1)} = e~ I2mk(OTf+00) (11)
guency are obtained by projecting the signal onto a set of . .
orthonormal array steering vectors (beams) at the recgliyer ?Qsd (l;rnosrg igzihéS)ér?g:jal(g;ieth channel's spatial frequency
[16]. The steering vectadi,, (6) is defined as P 9
o H(f)=ap (0 L —W/2< fF<W/2 12
au(6) = [e™] o @ H(f) = am (0(f)) _ [2<f<W/ (12)
) with frequency dependent spatial angle
whereZ(M) = {¢— =L :¢=0,...,M -1} is a sym-

metric set of indices centered around 0. The columns of the 0(f) =0, <i + 1) , —W/2< f<W/2. (13)

beamforming matrixU,,, are steering vectors corresponding fe
to M fixed spatial angles with uniform spacinyf = ; Thus, a point source in a fixed directigp will induce differ-
1 ent beam angle§(f) at different frequencies. Conversely, a
Uy = NiTi [ans (1A0)] ez ) (3) fixed beam steering vector, likey (6,) in (9) in a traditional

] ] phased array and calibrated ¢g < 6, at f = f. via (8),
that represent/ orthogonal beams forming a basis for the- i focus power in different physical directions at diféert

dimensional spatial signal space. In fa}?ta,f is a unitar%/ldis- frequencies defined b§(f) in (13) and obtained by inverting

crete Fourier transform (DFT) matritdy, Uy = UnUyr = (8) at a givenf: ¢(f) = sin~ (0(f) * 2)\/\.). Fig. 1(b)

L. The beamspace system models in time and frequency ggstrates this beam squinting by plotting the far-fielcabe
ry,(t) = Ullr(t) = (hy *s) (t) + wy(t) (4) pattern |ay (6,)7an (6(f))]*, induced by a fixed steering
R,(f) = Uﬁﬁ(f) = H,(H)S(f) + W, (f) (5) vector aimed atp, = 55° < 6, = 0.41, at three different

] frequenciesif,, (1 £0.05) f..
where the beamspace channel impulse response and the 0 beamspace channel impulse response is
beamspace channel frequency response are given by

W) = Uh) . m,(0) = Ufan(py . o B0 =R =P Ohern _
B. Wideband Line-of-Sight SMO Channel Model hoalr) = = kg(:M)Ww(ao_w)wsmc (W(r —kér))
L0 0 and the beamspace channel frequency response is
K Hy(f) = URH() = [Hyi( ez (15)
N ‘f Y Y Hyi(f) = %Maﬁ(m)mf) - %MDM (B() —i26) .
@ 0 o gpyom Here Dy (0) = =50235) is the Dirichlet sinc function with

Fig. 1: (a) LoS SIMO System. (b) Far-field beam patterns ieduby a fixed steering 1) (O) — M and D (mA@) =0 for integerSm 7& 0
vector at three frequencies. M M )

We consider a channel induced by LoS propagation betwe€n channel Dispersion Factor

a point source Iocated_ In th? far field at an ang!e¢g_fe While the phased array model (9) shows no dispersion in
[-7/2,7/2] and anM-dimensional ULA as shown in Fig. 1. 5naiia| angle or time, (10) and (12) show dispersion in time
We consujer half-wavelength spacing ﬁ?t d = .)‘0/2' T_he across the aperture and dispersion in spatial angle adress t
signal arrives at each array element with a slightly diffire o, qyidth. Thus a point source in narrowband systems spread
delay. Assuming without loss of generality tha_t the dela@ is 5cross spatial angle and time in wideband, high dimensional
at the array center, the delay a; thé element is systems. As we show, if this dispersion is not accountedtfor i
_ i _a . _ leads to severe power loss and pulse distortion. The mafmitu
Tk = koT , k€ T(M) 5 o1 = c sin(@o) , d=2A/2 (7) of this dispersion is determined by how many resolvable seam
where o7 is the delay between adjacent elements. Dowand delays the LoS channel occupies [17]. The angular spread
mixing the signal fromf,, also manifests the delay as a phasef the channel over the bandwidth is
shift between array element®z6,, = 2wk6,, determined by _ o _
the normalized spatial (beam) angle at the carrier frequenc Aben =10 (W/2) = 0 (=W/2)[ = alfo| . (16)
Dividing this by the orthogonal beam spacing = ﬁ yields

d
0, =0rf, = X sin(¢,) - (8) Aben /A0 = Malb,| (17)



the number of orthogonal beams spanned by the spatidth norm ||g |2 = 1. This results in signal amplitude
dispersion. Similarly, the delay spread across the apeitur

Ao = Mlor| (18) A= r/_ i (O O (B W £ =T (28

which divided by delay resolutiothr = % yields

Atep /AT = W AT, = Ma|b,] (19)

the number of resolvable delays spanned by the delay dispelﬁﬂ’ :\/——/ U3 (fan (0()an (0(F)¥e (f)df =0. (29)
sion. Thus, thihannel dispersion factor

and mterference

Thus the matched filter introduces no interference regssdle
Ach = Malfo| = Aten /AT = Aen /A0 (20)  of the choice of basis functions and tBENR is the signal-
characterizes the spreading of a LoS path in both angle daenoise ratio §NR) and is the same for all,:
delay. For transmitters located @t =0 <> 6, =0, A, =0 &,
and no dispersion occurs. However for afyy= 0 < 6, # 0, SINR; = SNR, = Mﬁo : (30)
there is dispersion, and its magnitude increases as the bafﬂﬂggmg (27) into (23) yields
width and array dimension increase.

IIl. RECEIVERARCHITECTURES FORLOS SIMO SYSTEMS Ze:/ r(t)dt /W [/hH (t—7)r ()dt} dr (31)
Consider a transmitted signal of the form [17]:

N1 N1 So the optimal receiver can be interpreted as a bank/of

) - adjustable delay filters and phase shifters definedh
s(t) = Z sepe(t) 3 S(f) = Z seWe(f) @1 followed by spatial combining, and then correlation \ml th
=0 =0 basis functions as shown in Fig. 2(a). Note that this space-t
where the{s,};," are the independent lnfOfmathﬂ Symb0|®rocessmg corresponds to true time delay beamformlng [12]
with energy E[|s¢|?)] = & and the {¢,(t )}L, 0 form an y
orthonormal basis for th&/ ~ T'W dimensional signal space.
The sufficient statistic§z.},,' for detecting the information
symbols{s,} are obtained by taking the inner product of the

received signal with waveformgg, () é\’gol representing a .,

mapping of{wg(t)}évz’ol into the spatio-temporal receive signal
space. The inner product is

" Wsine(W (t + ko)) 4

or2mko,
y

Wsine(W (¢ + ké7))
o121k
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mlér; g]ee Caaskflcj)r; ?etgctnnglrtzherluthe spatlgl gg;ﬁ;&ng: gég?#;;ace’ Fig. 2: (a)(g)ptimal matched-filter receiver. (b) Phas(gt)dgameceiver.
and in time or frequency. Thus the are given by B. Phased Array Receiver

N-1 For the phased array receivg[(t) is given by

a={rg) = selbxve).g,) +(wg)  (23) )
i g,(t) = —=an (0) ¥ (t) (32)
=s)A¢+ > suBip + W, VAT
e v t with norm ||g > = 1 which corrects for the phase shift

£L

. . . across the antenna elements in (10) but does not perform any
where the signal amplitude and interference are

temporal equalization to account for the delays. This tssul
A= ((*ve),9,) , Beo = ((xve),g,) (24) in the following signal amplitude and interference terms

and Wy ~ CN(0, Nollg, |?) represents the noise. For a given B . I
choice of basis funct|on$¢g( )} the signal to interference NG /_K W (f)an (00)an (0())We(f)df
and noise $INR) for the ¢*" test statistic £) is ) w /
£e)4,2 :_/2 Uy (f)*D (90—)d 33
S R -1l S 7 | 1D (0o ) (33)
N_SZW# |Beer|* + HQEH 1 w f
£Es By = —— vy (f)D Oo-— | Ve (f)df . 34
In the limit of low SN].;{ — 0) and h|ghSl\12R (£ — ), = /_Vzv ¢(f)Dum ( fc> e(Hdf . (34)
SINR, — Es |Aé|2 . SINR; — #2 . (26) In contrast with the matched filter, H#INR of the phased
No HQZH Zé/¢g|B€,€’| array receiver depends on., and the choice of basis

functions. As shown in Fig. 4(c) in Sec. IV-A, ad.,

increasesDM(HO%) varies significantly over the bandwidth;

this results in power loss from (33) and interference betwee
1 _ B basis functions from (34).

ﬁz(t) - m(ﬁ*wf)(t)’gf(f) - \/Mﬂ(f)%(f) (27) The phased array receiver is shown in Fig. 2(b) and cor-

A. Optimal Matched Filter Receiver
The natural choice foy,(¢) is the matched filter



responds to removing the filter bank used for space-tinidis gives the following signal and interference terms

equalization in the optimal receiver in Fig. 2(a). In thedpk
case whert, = i,Af, the phased-array is a special case
the beamspace receiver in which only #j& beam is used.
C. Low-Complexity Near Optimal Beamspace Receiver

The optimal matched filter receiver (27) in beamspace i

ey + )03 G ()= = Hy ()1l (39)

with norm 1, which operates an (t) = U r(¢) and performs

9y,,()=

1 [ ,
of A= | %wg(f)ﬁ(i; D2, (6(f) —zM))df (42)
s Bu——| ;‘I”E(f)(i;:ADif((?(f)—iA(?))\Pw(f)df- (43)

As shown in Fig. 5, whemp ~ Ac, 3o 27 D3(0(f) —

1Af) ~ M over the bandwidth, yieldingl, ~ v M andB, ~

space-time equalization over alll beams. The signal and0. So in contrast with the phased array receiver, by perfagmin

interference terms are identical to the optimum receiver

=== DR DB =0 @
Bre= gz [ HOBE DL =0, 67

which follow from the following equivalent relations for e¢h
aggregate channel power spectral density (PSD):

IENIP =B (NE() = Y [H()IF=M
kET(M)

IH,(N)I? = H (HH,(f) = > [Hyi(f)P =M (38)
i€Z(M)

where |H(f)|> = 1 is the PSD for thek-th antenna, and
Spi(f) = [Hyi(f)* = 5;D3,(0(f) — iA0) is the PSD for
the it* beam. The above relation states thagregate PSD is

space-time filtering ovep ~ A.;, beams, the low-complexity
B-SIMO receiver is able to attain near-optimum performance
The full-complexity implementation of the beamspace re-
ceiver is shown in Fig. 3(a), which is also equivalent to the
optimal receiver in Fig. 2(a). A bank a¥/ filters defined by
h, ;(7) is applied to each beam (after the transformation into
beamspace througly,;) before combining and correlation.
The low-complexity near-optimal configuration is shown in
Fig. 3(b) in which the filtering and combining is done over the
dominantp =~ A.; beams inM. This results in a complexity
reduction by a factor ofvf,, compared to Fig. 3(a).

flat in both the antenna domain and the beamspace domain.
However, while the PSD for each antenna is also flat, the PSDs
for different beams are localized and each beam captures par
of the flat aggregate PSD as illustrated in Fig. 4. Furtheemor ( ®)
as discussed in Sec. IV-A and illustrated in Fig. 5, for a giveFig. 3: Beamspace SIMO Receiver Implementations: (a) Cgpfith) Low-complexity.
value of A, approximatelyA ., beams are needed to capture
most of the aggregate flat PSD over the bandwidth of interest

This suggests an approach for designing low-complexi
beamspace receivers that deliver near-optimal perforema
Define the total channel power as

IV. NUMERICAL RESULTS
In this section we first present numerical results thatllus
ate the effects of dispersion in the wideband channel amd h
Mthe B-SIMO receiver mitigates this dispersion by procegsin
the p |M| dominant beams. We then give results that

compare the receivers’ performance for both single-caanel
orthogonal frequency division multiplexing (OFDM) wave-

S UGS ST
o i€L(M)
s 1 52 | 1 w .

wherec? is the power in the'" beam. Since the majority of

the power is captured by approximated,; beams, a low-
complexity B-SIMO receiver can be designed by process
only this set of dominant beams defined as:

M={i e Z(M): o2 >~o?} (40)

Then if the threshold € (0, 1) is chosen properly = | M| ~
A.p, and the beams iM will result in an approximately flat

aggregate PSD; see (38) and Fig. 5. The near-optimal B-SIM{|

receiver is defined by

Goei(t) = {ﬁ(hbﬂ' * 1) (t)

0
with norm|lg, [|*

ieM
M (41)
e [1WeHP( S D (6(5)=id0)d.

forms. All the results are calculated forld = 61 element,%
spaced array (6" array at 60 GHz) receiving a signal from a
transmitter located at, = 55° < 6, = 0.41 corresponding to
the i, = 25-th beam in the B-SIMO receiver; i.6, = 25A6.

A. Dispersion Effects: Power Loss and Interference
._Inspecting the expressions for thg and B, . for different
M8ceivers, we note that they are governed by effective
channel frequency response E(f) given by

Eopi(f) = M, Epa(f) = Du(bof/ o), Eo(f) = Soa(f)
iemM

Eopt(f) is flat and thus the optimum receiver captures all sig-

power for all basis functions and there is no inferentgs T

is also true for the beamspace receiver which uses all beams.

From (13) and (15)S,,(f) = D2, (90% ¥ (6o — i)AH).
Fig. 4 plotsS; ;(f) as a function of normalized frequency for
5 values ofi centered oni, = 25. In particular, Sy ;, (f) =
lafi (0.)H(f)* = 47D3%;(6,£), shown in Fig. 4(c), also



Sp,(FIM (dB)

Sp,(FIM (dB)

Fig. 4: Normalized plots of H,, ; (f)|?/M for an M = 61 element array wittd,,
25A80, for (a) i = 23, (b) + = 24, (¢) i = i, = 25, (d) ¢ = 26, and (e)i = 27.
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phased array receiver as (A.) increases. For all but the
smallest value ofa, the receiver suffers from interference
and fora > 0.08 (A., > 2) this is compounded by severe
power loss due to nulls iliDM(Hoi) over the bandwidth (see
Fig. 4(c)). On the other hand, tfB&INR of the 3-beam and
5-beam B-SIMO receivers shown in 6(b) and (c), respectively
exhibit significantly reduced interference, and essdmptiab
power loss whep = | M| > A.,. Finally, Fig. 6(d) shows the
spectral efficiency of an OFDM system for the phased array
and near-optimal B-SIMO receivers. The plots for= 0.02
(A¢n = 0.5) show that OFDM eliminates the performance loss
due to interference in the phased array receiver for smaller
values of A.;. However, the plots for = 0.12 and 0.2
(A., = 3 and 5 ) show that the power loss in the phased
array receiver forA., > 2 results in severe and unavoid-
able performance loss. In comparison, the B-SIMO receivers
(p =1, 3,5 beams forA., = 0.5, 3, 5) suffer from nearly no
power loss or interference. These results demonstratestue n
optimum performance of B-SIMO receiver with sufficiently

Fig. 5: Normalized plots ofy", |Hy, ; (f)|>/M for an M = 61 element array with
0, = 25A0, for (@) i € {24, 25,26} and (b): € {23, 24, 25, 26, 27}

reflects the PSD of the phased-array effective respéhséf ).

When A, < 1 (If/f.] < 0.02 over the bandwidth), _*
Sb,i, (f) = M and Sy ;+;, (f) =~ 0. So both phased arrayg X
receiver and the B-SIMO receiver will exhibit no power loss x
or interference. Increasiny.;, causes variation i ;_ (f). In q
particular forA., = 2 (|f/f.| < 0.04) nulls begin to appear _

large number of beams= | M| > A.p.

in Sy, (f). Thus forA., > 1 using a phased array receiver
results in power loss and interference, which gets morergeve
for larger A.,. On the other hand, is is clear from Fig. 4 that «
the power lost inS, ;_ (f) is present in the adjacent beams. As 4
shown in Fig. 5(a) forA.;, < 3 (|f/f.] < 0.06), combining
the three beams centered on (Fig. 4(b)-(d)) results in an
approximately flat effectives,(f) (see also (38)). IfA., is

increased to 5|/ f.| < 0.1), 3 beams are no longer sufficient

0
E/N_(dB)

@)

but using all the 5 beams shown in Fig. 4 results in a flat"—;

effective E,,(f) as shown in Fig. 5(b). In general, for a given
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A.,, a B-SIMO receiver Withp = |M| ~ A., dominant Fig. 6: Plots of the single-carrier receiver SINR as a florcof £, /N, for the LoS
IMO channel: (a) the phased array receiver, and the ndanaipbeamspace receiver

. . S
beams (See (41)) is needed for near-optlmal performance- with (b) 3 beams and (c) 5 beams. (d): OFDM spectral efficievfcthe phased array
and near-optimal beamspace receivers for the same LoS Shd@nel.

V. EXTENSIONS. MISO, MIMO AND MULTIPATH

B. SSMO Receiver Performance Comparison

This section compares the performance of phased arra
and B-SIMO receivers FirssINR results are presented for
single carrier systems where thé basis functions are de-
layed versions of the sinc pulse of bandwidlh: . (t) =
Wsinc(W (t —£/W)). The signal powefA,|? is constant and
the interference poweB, |* is completely determined by
|¢—2'|. For the values ofe consideredB;, |? drops below -40
dB of the maximum fot{—¢'| > 8. Thus the numeric&INR

Xve briefly discuss extensions of the new wideband SIMO
system model developed in Sec. Il to MISO, MIMO, and mul-
tipath channels. Consider a MISO system withldp-element
ULA transmitter communicating with a single-antenna re-
ceiver located atpr, <> 0r,; see (8). The LoS wideband
MISO system model (baseband frequency domain) is

R(f)=H"(NX(f) +W(f) 5 H(f) = am, (9r(f)) (44)

results, calculated for the centrfa%]th pulse, provide a good whereR(f) is received signalX (f) is the transmitted signal
assessment of tEINR of any pulse forlV > 16, except for yector, W(f) is noise, and the frequency-dependent beam
edge cases where interference will be at most 3 dB lower. FéHgIeGT(f) is related tofr , as in (13). TheMz x My LoS

the OFDM simulations, we assume that the signal durdfiony;;mo model readily follows:

R(f)=H(NX()+W(f); H(f)=an,(0r(f))ai, (Or(f))

is sufficiently long so that there is no interferené# ¢ ~ 0).
The spectral efficiency is calculated by performing waténgjl

over the subcarriers with tHENR for each calculated via (25). where the LoS path with
Fig. 6(a)-(c) plots the single carri&INR of the different (¢7,0,¢r.0) <> (07,0,0R,0) induces the frequency-dependent

receivers as a function of: for several values ofv (A.p).

transmit/receive directions

beam angles6(f),0r(f)) in the array steering vectors that

As expected, Fig. 6(a) shows severe performance loss for thefine the channel frequency response maifixf). Finally,



the channel matrix for a wideband multipath MIMO channgllement mm-wave transceiver architectures that utilizgh hi
can be modeled as dimensional arrays (e.g. [9]), performance loss will occur
However, the large array dimension makes recovering tisis lo
— ZﬂlaMR (Or,e(f))aly, (Or.c(f))e 72"/ (45) performance via digital beamforming, e.g. using OFDM with
=1 a different digital beamformer for each subcarrier, imficad.
where N,, denotes the number of paths, and théh path Thus transceivers combining multi-beam B-MIMO processing
is assomated with a path gajfy, angle of departurer ., with analog beamforming provide the best route for achegivin
angle of arrival ¢z, and delayr,. The physical angles the full performance in wideband, high dimensional mm-wave
(1.0, 6r.4) < (1.0,0R.0) induce frequency-dependent beanMIMO. In particular lens-based analog beamforming [1], [5]
angles(fr.¢(f),0r.¢(f)) as in (13). The beamspace represer@e a natural choice for such transceivers. Finally, aljhdhe
tation of H(f) is given by rre]sults of thlsfpaper were denved_for orthogoln_alI WaVﬁfogrms
the concept of space-time processing over multiple orthabo
H,(f)= UMRH(f)UMT = [Hyim(fliez(aun).mezitr)  peams also applies to non-orthogonal waveforms, e.g. [18].
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