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Abstract—In millimeter-wave communication, large antenna In the mmWave domain, the high power consumption
arrays are required to achieve high power gain by steering of mixed signal components, as well as expensive radio-
towards each other with narrow beams, which poses the probia frequency (RF) chains, make it difficult, if not impossi-

to efficiently search the best beam direction in the angle doain ble. t lize diaital baseband b f . d in th
at both Tx and Rx sides. As the exhaustive search is time P'€: 0 realize digital baseéband beéamiorming as used in the

consuming, hierarchical search has been widely accepted tocConventional multiple-input multiple-output (MIMO) syshs.
reduce the complexity, and its performance is highly depeneht Instead, analog beamforming is usually preferred, where al
on the codebook design. In this paper, we propose two basicthe antennas share a single RF chain and have constant-
criteria for the hierarchical codebook design, and devise @ effi- amplitude (CA) constraint on their weights [4]] [6]. 117Ld].

cient hierarchical codebook by jointly exploiting sub-array and . . . .
deactivation (turning-off) antenna processing techniqus, where Meanwhile, a hybrid analog/digital precoding structureswa

closed-form expressions are provided to generate the codetk. /SO proposed to realize multi-stream/multi-user trassin
Performance evaluations are conducted under different syem [9], [12], [13], where a small number of RF chains are
and channel models. Results show superiority of the propose tied to a large antenna array. No matter whether the analog
codebook over the existing alternatives. beamforming or the hybrid precoding structure is explqited
Index Terms—Millimeter wave communication, mmWave, entry-wise estimation of channel state information (CSl) i
beamforming, codebook design, hierarchial search. time costly due to large-size antenna arrays, and a more
efficient antenna training algorithm is needed.
For the hybrid precoding structure, as the mmWave channel
|. INTRODUCTION is generally sparse in the angle domain, different compukss

ILLIMETER-WAVE (mmWave) communication is a sensing (CS) based channel estimation methods were pro-
promising technology for next-generation wireles&sed to estimate the steering angles of multipath comgsnen

communication owing to its abundant frequency spectru PCs) [9], [16], [191H21], where[[19] is for point-to-poi

resource, which promises a much higher capacity than tﬂ]ﬁ.lt' stream transmissiorL[P0] is fpr multi-user transsibn, .
while [21], based on a presentation of antenna array with

existing wireless local area networks (WLANS) and the auirre . N
. S virtual elements, further enhances the channel estimatien
cellular mobile communication. In fact, mmWave communi:

cation has received increasing attentions as an imporsant cllg.l't Ftorothde_ﬁaérrlglncigabea;?;(é;]rgéng”sltrmtur[gj th[%r € [lgzg]:;dr;enra
didate technology in both the next-generation WLANs [1]—[7.exl wo P ' ' ' .

and mobile cellular communicatioql[8]=[16]. A fundament 'feéatt)';/zn?]% ?mfr?rm'ggtérrac')?]'ngnzpspg;a((:t?a'rs];??tgtreg; Irrcle?:y;hler
challenge to mmWave communication is the extremely hia ing v ! ! v

path loss, thanks to the very high carrier frequency on tderor S alternatively optimized by fixing th_e beamform_ing vector
of 30-60 GHz. To bridge this significant link budget gap, Ioin.on the other side, and _the alt_ernatlo_n 'S Tepea‘ed iterptive
mprove the beamforming gain one iteration upon another. On

Tx/Rx beamforming is usually required to bring large anten . . . .
i , . : he other hand, in[17]/[[18]/123], a switched beamforming
array gains, which typically requires a large Tx/Rx antenna proach is adopted, where the beam search space (at the

array size (e.g., an antenna array size of 36 is usedl|in [4].}. . . ) : .
Fortunately, thanks to the small wavelength on the mmWayg nsmitter and receiver side, respectively) is represeiy

frequency, large antenna arrays are possible to be pacied frl] codebook containing multiple codewords, and the best

ransmit/receive beams are found by searching through thei
a small area. . . .
respective codebooks. Both approaches have their own merit
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prohibitive, because the number of candidate beam direstic W, W

is usually large for mmWave communication. To improve th _@z_’j Y, >

search efficiency, a hierarchy of codebooks may be defined |

[17], [18], [25]-[27]. For example, a coarse codebook may t _@w_’y Y

defined with a small number of coarse/low-resolution bear X ] H -
(or sectors) covering the intended angle range, while a fi ) Y \d
codebook may be defined with a large number of fine/hig B2

resolution beams covering the same intended angle rande, Y Y

that a coarse beam may have the same/similar coverage as ;ﬁ?f:r Z I: A

of multiple fine beams together. A divide-and-conquer dear.
may then be carried out across the hierarchy of codebooIF<s, 1 Ilustration of th )
by finding the best sector (or coarse beam) first on the lows: — Tustration orihe sysiem.
resolution codebook level, and then the best fine beam on the
high-resolution codebook level, with the best high-resofu
beam contained by the best low-resolution beam. system and channel models are introduced. In Section IlI,
Performances of the switched beamforming schemes, the hierarchical codebook design is presented. In Sectipn |
cluding the search time and success rate, are highly dependierformance evaluation is conducted. The conclusion ismira
on the hierarchical codebook design. In1[17].1[18], althoudastly in Section V.
wider beams were proposed to speed up beam search, desigsymbol Notationsu, a, A, and.A denote a scalar variable,
approaches to broaden the beams were not studied. In [Z5]vector, a matrix, and a set, respectively)*, (-)* and
codewords with wider beams were generated by summifig” denote conjugate, transpose and conjugate transpose,
two codewords with narrower beams, but the CA constraifgspectivelyE(-) denotes expectation operati¢al; and[A];;
was no longer satisfied. I [26], a sub-array method waenote thei-th entry ofa and thei-row and;j-column entry
proposed to broaden the beam width by pointing the suef A, respectively[a];.; denotes a vector with entries being
array beams in slightly-gapped directions. However, a fulhei-th to j-th entries offal. | - | and|| - || denote the absolute
hierarchical codebook was not explicitly designed theraivd Vvalue and two-norm, respectively.
this approach may be not feasible to design very wide or even
omni-directional beams. 10 [19], the hybrid precoding staue Il. SYSTEM AND CHANNEL MODELS
was adopte_d to shape wider peams b_y expl0|t|ng the Spars.eSystem Model
reconstruction approach, but high-quality wide beams @an
shaped only when the number of RF chains is large enough andVithout loss of generality, we consider an mmWave com-
deep sinks within the angle range appear otherwisé. In f27Jmunication system with half-wave spaced uniform linear
binary-tree structured hierarchical codebook was designe arrays (ULAs) of Nr and Nr elements equipped at the
using antenna deactivation, where wider beams were gexerdtansmitter and receiver, respectively [S5]. [17]. [28]9]2as
by turning off part of the antennas. A complete codebodiiown in Fig.[1, where a single RF chain is tied to the
was designed with closed-form expressions provided thereLA at both the transmitter and receiver, and thus the analog
However, the number of active antennas is too small feeamforming structure is adopted. At the transmitter, each
very wide or omni-directional beams, which may limit itsantenna branch has a phase shifter and power amplifier (AP) to
application in mmWave communication, where per-antenfiéive the antenna, while at the receiver, each antenna branc
transmission power is limited. has a low-noise amplifier (LNA) to amplify the signal and
In this paper, we first propose two basic criteria for arlpjira @ phase shifter. It is noted that as the analog beamforming
hierarchical codebook designs, and then devise an effici&an be seen as one of the branches of the hybrid precoding
hierarchical codebook by jointly exploiting sub-array atet  Structure, the proposed criteria and codebook design can be
activation (turning-off) antenna processing techniq@ssed- haturally used by the hybrid precoding structure, which wil
form expressions are provided to generate the codebook.bg shown in Section IlI-D. Additionally, in our system each
the proposed approach, the beams of the sub-arrays sg¥#enna branch can be deactivated or turned off, i.e., isere
towards widely-gapped directions to broaden beams, wisichd switch in each antenna branch at both sides although not
essentially different froni [26], and the deactivation apies on depicted in the figure. Generally, all the PAs, as well as the
the sub-arrays instead of individual antennas like thaPifj.[ LNAs, have the same scaling factor if activated. Thus, each
To the best of our knowledge, this is the first to propose theggment of the antenna weight vectors (AWVs) at the both
two criteria and the joint sub-array and deactivation codéb Sides either has a constant amplitude or is zero.
design. Performance evaluations are conducted under bothetting s denote the transmitted symbol with unit power,
line-of-sight (LOS) and non-LOS (NLOS) channels, as wethe received signal is
as with both total and per-antenna transmission power rsodel 5. H H
Results show superiority of the proposed codebook over the y =V PowpHwrs + win, @)
existing alternatives, especially when the per-anterarasmit where P, is the total transmission poweof all the active
power is constrained. antennaswrt and wgr are the transmit and receive AWVSs,
The rest of this paper is as follows. In Section Il, theespectivelyH is the channel matrixa is the Gaussian noise
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vector with powerVy, i.e.,E(nnf) = NyI. Let W(N) denote as [19], [26], [27], [29], [33], [34]
a set of vectors withV entries as shown i {3), whereis a

L
normalization factor such that all the vectors hawit powet H=/NtNg > Aa(Ng, Q)a(Nr, v, (8)
We can find that each entry of an arbitrary vectoMi(V) ;

has either an amplitude (activated) or is 0 (deactivated). : .- :
where )\, is the complex coefficient of théth path,L is the
Consequently, we haver € W(Nr), andwr € W(Ng). It o, yper of MPCsa(-) is thesteering vector functiari2, and

is noted tf:jat this S|g|fnatl;]ng :j ?_aset(:] 0? :t[hlettotal tr_an_smlsSS| are cos(AoD) and cos(AoA) of théth path, respectively.
power, and we can further define the total transmission t 6, and ¢, denote thephysical AoD and AoAof the /-

?s Yiot = Prot/No, ang 'ihe received SNR with the total, bath, respectively: then we hagd — cos(d;) and iy —
ransmission power modet as cos(pe). Therefore,), and vy, are within the rangd—1 1].

Ntot = Yeot|Wh Hwr |2 (2) For convenience, in the rest of this pagder,and, are called
AoDs and AoAs, respectively. Similar to [19], [29}, can be
The power gain under this model is modeled to be complex Gaussian distributed, whiland ¢,
G Thot _ wH Hw |2 @) can be modeled to be uniformly distributed withi 27]. a(-)
O ot WREWTL is a function of the number of antennas and AoD/AoA, and

which is also the array gain. can be expressed as

On the other hand, in mmWave communication the scaling a(N,Q) = 1 [(T02 (imlR  cin(N-D@)T )
abilities of PAs are generally limited. Thus, a per-antenna

transmission power model is also with significance to chafhereN is the number of antennad/(is Nt at the transmitter
acterize the best transmission ability of the transmittdvich and A7y at the receiver),Q is AoD or AoA. It is easy

is shown as to find thata(N, Q) is a periodical function which satisfies

= /Poo NroorwHH +whn, 5 alv, Q) = _a(N, 2+2). The channel matrif also has power
4 per¥Tact WRHIWT S T WR ©) normalization B
whereP,.. is the per-antenna transmission powef, is the ZE(P\ |2) _1 (10)
number of active antennas &fr, which varies as different )=+
wr. Also, we havewr € W(Ny), and wg € W(Ng). =
In addition, the per-antenna _transm|SS|or_1 SNR is defined @S The Problem
Yper = Pper/No, and the received SNR with the per-antenna

transmission power model is defined as

1

From a system level, joint Tx/Rx beamforming is required
to maximize the received SNR, i.e.,

_ H 2
Mper = Tper Nact[WRHwr[". (6) Maximize ot = fytot|ngwT|2 or
The power gain under this model is Nper = 7pcrNTact|w§HwT|2, (12)
n j .
Gper = 2T = NTact|WgHWT|27 @) Subject to  wgr € Wg,wr € Wr
Tper Clearly, if H is known at the transmitter and receiver,

which includes both the transmission power gain equal nd there is no CA constraint, the optimaly and wg
the number of active antennaSt... and the array gain can be easily solved by singular value decomposition (SVD).
|wh Hwr 2. However, in mmWave communication it is too time costly
It is worth mentioning that the total and per-antenna tranfer entry-wise estimation of the channel matrix, which has a
mission power models are suitable for the cases that thimgcalarge scale due to large antenna arrays, and there existthe
abilities of PA are high enough and limited, respectivelyzonstraint. Thus, the SVD approach is basically not feasibl
However, there is no difference for codebook design betwett mmWave communication.
with these two models. Fortunately, according to[{8) the mmWave channel has
uncertainty mainly on AoDs/AoAs at both sides. In such a
case, the one-stream beamforming problem[in (11) can be
simplified to find the AoD/A0A of an arbitrary strong MPC

B. Channel Model (or better the strongest MF@:)and setwr and wr as the
Tx/Rx steering vectors pointing to these AoD/A0A.

Since mmWave channels are expected to have limitedTo this end, a straightforward way is to evenly sample the
scattering [[19], [[29]+[32], MPCs are mainly generated byngle domain[—1,1] with a small interval, e.g.1/N for
reflection. That is, mmWave channels have the feature gf N antenna-array, and sequentially test all these sampled
directionality. Different MPCs have different physicadtismit angles with corresponding steering vectors at both sideis. T

steering angles and receive steering angles, i.e., physigathe exhaustive search method. Clearly the codebooks for
angles of departure (AoDs) and angles of arrival (A0AS).

Consequently, mmWave Channels are relevant to the geometrl aSiCa”y, under LOS Channel, where there is a LOS Compoﬂmf'
icantly stronger than the other MPCs, the best MPC (the LOSpoment)

of ante_nna arrays. .With half-spaced ULAS adopted at trﬁ@eds to be found; while under NLOS channel, where all the 8R&ve
transmitter and receiver, the channel matrix can be expdessimilar strengths, an arbitrary strong MPC can be feasible.
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W(N) = {V[ﬂlejelaﬂ26j927 "'75N€j0N]T‘Bi € {Ov 1}791 € [07271.)77; = 17 27 7N} (3)

exhaustive search are composed by only steering vectassthe 3dB coverage, and the beam width is the well-known
Although exhaustive search is feasible and can always fiBdB beam width. Different codebook design methods may
the best MPC, it has a time complexit)(N?) [27], [35], have different values g, and codewords with different beam
which is too high for large arrays. Thus, hierarchical seasc widths in the same codebook may also have different values
widely used to reduce the search time. In fact, the search tif p.

is highly dependent on the design of the Tx/Rx codebooks,Hierarchical search is simplgyeredsearch, i.e., the AWVs
which are subsets ofVr and Wr, respectively. Hence, we yithin the codebook aryeredaccording to their beam width.

focus on the codebook design in this paper. AWVs with a lower layer have larger beam width. Letting
w(k, n) denote then-th codeword (or AWV) in the:-th layer,
lIl. HIERARCHICAL CODEBOOK DESIGN the two criteria are presented as follows.

In this section, we design a hierarchical codebook composectyiterion 1: The union of the beam coverage of all the

by codewords (or AWVs) with different beam widths, whichcodewords within each layer should cover the whole angle
helps the search efficiency in finding the steering vectors @gmain, i.e.,

a strong or the strongest MPC at both sides. It is noted that, .
based on the specific structure of the mmWave channel model, . .

the codebook design is to establish a relationship between U CVw(k,n)) = [=11], k=0,1,... K, (14)
the codewords in the angle domain to speed up the bea

search. Thus, the codebook design is in fact irrelevant '
the instantaneous channel response. When beamformin
required in practice before data transmission, a beam tsea
process needs to be launched based on the designed codebo@kiterion 2: The beam coverage of an arbitrary codeword
to find the suitable beamforming weights (steering vectiis) within a layer should be covered by the union of those of
a given channel. For different channels, the codebook is theveral codewords in the next layer, i.e.,

same, but the searched optimal steering vectors are differ _
depending on the channel responses. 8V(W(k’n)) < U CV(w(k+1,m), k=0,1,... K -1,

Although several hierarchial search schemes have been mELkn (15)

proposed for beam search in both literatures [25]-{27] anghere7, is the index set with indices of the codewords in
some standards, like IEEE 802.15.3c and |IEEE 802.11ad [t?ﬂe(k—i—l)-th layer for then-th codeword in the:-th layer. For

[17], [18], to the best of our acknowledge, there are NQonvenience, we cail(k,n) a parent codeword, anfdv (k +
criteria proposed to judge whether a codebook is suitable P%n)|m € Ty, } the child codewords ofv(k, n).

not, and there are few complete hierarchical codebooks with

closed-form expressions provided for mmWave communic It is_clear th_at Criterion 1 guaraqtees the full coverage, i. _
tion. Therefore, in this section, we first propose two bas%ere is no miss of any angle during the beam search, while

criteria to design a hierarchical codebook, and then desiéﬁﬁgeriondZ estrz]alblri]shes;trere].-fashi(r)‘-n rflationshhi?f ben/\trge
one jointly using sub-array and deactivation techniqueseta odewords, which enables hierarchical search. It eactnpare
on the proposed criteria. codeword hasV/ child codewords, all the codewords in the

codebook constitute ah/-way tree with respect to their beam
o coverage in the angle domain. In such a case, hierarchical
A. Two Criteria search can be easily realized by using the tree search thigori
Before introducing the two criteria, we first introduce twan both the receiver and transmitter as following][19].1[27]
definitions here. Letl(w, 2) denote the beam gain ef along
angle2, which is defined as

n=1
ere N is the number of codewords in theth layer, K

t i@e maximal index of the layer (there afé + 1 layers in
tal).

The Hierarchical Searchinitially, we fix the transmitter
to be in an omni-directional mode, and run afi-way tree

N search foilog,,(Nr) stages to find the best receive codeword.

A(w,Q) = VNa(N,Q)'w = Z [w], e 3" =D2 " (12)  And then we fix the receiver to be in a directional mode
n=1 with the found best receive codeword, and then run)Man

where N is the number of elements &f. way tree search fdiog,,(Nt) stages to find the best transmit

Let CV(w) denote the beam coverage in the angle domadedeword. In each stage, we ha¥é candidate codewords,
of AWV w, which can be mathematically expressed as  which are theM child codewords of a parent codeword found
in the last stage. We need to test all thecodewords one by
CV(w) = {Q| |A(w, Q)| > pmax |A(Waw)|} ’ (13) one to find the best one, and treat it as a new parent codeword

h . fact ithin (0.1) to determine the b for the next-stage search. Therefore, the search time (eumb
where p is a factor within (0,1) to determine the beam of tests) for Tx/Rx joint training is

coverage ofw. It is easy to find that the coverage is smaller
as p becomes greater. When= 1/+/2, the beam coverage T = M log,; Nt + M log,; Nr. (16)
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Angle Domain -1 +1

The O-th Layer w(0,1)

The 1-st Layer w(1,1) w(1,2)

The 2-nd Layer w(2,1) w(2,2) w(2,3) w(2,4)

The Last Layer w(log, N,1) w(log, N,N)
Fig. 2. Beam coverage of a binary-tree structured codebook. —w(2,1)
w22
w(l,1)
—w(1,2)
—— w(0,1)

In the next subsection we will design a codebook wit
M = 2, for the reason that whed/ = 2 the codebook
tree is a typical binary tree, and the number of antenn
is powers of two, which is generally used in antenna array
design. Nevertheless, extending the proposed method & otfi9: 3. Beam patterns ok(2, 1), w(2,2), w(1,1), w(1,2) andw(0, 1)
values of M is straightforward. or the DEACT approach, whers/ = 128.

B. The Deactivation Approach steering angles. In other words, the codewords in the Igst la

As a basis of the joint sub-array and deactivation approaghould be the steering vectors with angles evenly sampled
we first introduce the deactivation (DEACT) approach in thiithin [—1,1]. Consequently, we haw@)(w (logy (IV), 1)) =
subsection to design a binary-tree codebook, which has thel + *5~:—1 + %], n = 1,2,...N. With the beam _
beam coverage shown in FIg. 2, where therelagg(N)+1 Coverage of the Iast—layer codewords, we can further obtain
layers with indices fromk = 0 to k = log,(N), and the that of the codewords in the other layers in turn as an order

number of codewords in thé-th layer N, = 2¢. Here N Of descending layer indices, i.e., obtaif(w(logy(NV) —

denotes the number of antennas of an arbitrary array. Thiis?)), CV(w(logy(N) — 2,n)), ..., CV(w(0,n)) in turn.
N = N at the transmitter andV = Ny at the receiver. Finally, the beam coverage of all the codewords can be
Besides, we have uniformly written as
CV(w(k,n)) = CV(w(k +1,2n — 1)) UCV(w(k + 1,2n)), CV(wlkn)) = [-1+ 2 142
k=0,1,..., (logy(N) — 1), n=1,2,3,...,2" 2 2 (20)
P e ’ A (17) k=1,2,..,log; N, n=1,2,3,..,2%
In our method, we define Comparing [(2D) with[{T8), it is clear that when
1 1 2n —1
CV(a(N,Q)) = {Q -7 N} , (18) w(k,n) = [a(2¥, -1 + "Q—k)T,o(TN_z,C)Xl]T, (21)

which means that the steering vectors have a beam wjtth (20) is sati_sfied. This is just the deactivation_approachm_
centering at the steering angle [24]. In other words, withiA0Posed inl[2I7], where the number of active antenna'is

the beam coverage @f V, ), it has the maximal beam gain!n the k-th layer, and the other antennas are all turned off. Fig.
along the angle, while the minimal beam gain along thég shows an example of beam pattern of the DEACT approach

angles+ 1/N. Thus, we can compute the valuefor our for the case ofN = 128. From this figure we find that the
codebook as beam coverage ok (0, 1) is just the union of those of (1, 1)

H andw(1,2), while the beam coverage &¥(1,1) is just the
= (N, — 1/N) a(N, &) union of those ofw(2,1) andw(2,2).
a(N,Q)Ha(N,Q)

a(N,Q+1/N)"a(N,Q) ’ 10 C. The Joint Sub-Array and Deactivation Approach
a(N,Q)Ha(N, Q) (19) 1t is noted that for the deactivation approach, wheris

113N small, the number of active antennas is small, or even 1 when
_ jm(n—1)/N . L . L
= N‘ Ze ‘ k = 0. This greatly limits the maximal total transmission
n=1 power of an mmWave device. In general, we hope the number
Although the value ofp depends onV, we havep ~ 0.64 of active antennas is as large as possible, such that higher
given thatNV is large, e.g.N > 8. Even whenXV is small,p power can be transmitted, because in mmWave communication
is still close to 0.64, e.gp = 0.65 when N = 4. per-antenna transmission power is usually limited. To eahi
Notice that thelV codewords in the last layer cover an angléhis target, we consider jointly using the sub-array andcdea
range[—1, 1] in total, which means that all these codewordsvation approach here. As the key of this approach is beam
must have the narrowest beam widfN with different widening via single-RF subarray, we term it BMW-SS.
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We also want to design a codebook with the beam coverafyecording to Theorem 1,
shown in Fig.[2. According to[(18), in thk-th layer, each

codeword has a beam width @f/2*. For the codewords of CV(w(k,n)) o — 9

the last layer, we can also adopt the steering vectors aiogprd =CV(w(k,1) 0 \/Na(N, "_;))

to (21). Compared with the codewords in the last layer, those o — 9 2

in the lower layers have wider beams, and accordind b (20), =CV(w(k,1)) + o (23)
codewords in the same layer have the same beam widths but 9 I — 92

different steering angles. Thus, there are two basic tasisei =[-1,-1+ 27] + —oF

codebook design, namely to rotate the beam along required 9 — 9 m

directions and to broaden the beam by required factors. We =[-1+ ok -1 y]-

first introduce beam rotation. -

1) Beam RotationBeam rotation can be realized according

to the following theorem. 2) Beam BroadeningThe remaining task is to broaden the

beam for each layer. Given axi-element array, generally we

Theorem 1. CV(w o v/Na(N, 1)) = CV(w) + 1), whereo would expect a beam width &/N. Nevertheless, this beam
represents entry-wise product (a.k.a. Hadamard produdt), width is in fact achieved by concentrating the transmission
is the number of elements @f, ¢ is an arbitrary angle A+« Power at a specific anglé€l, i.e., by selecting AWV to

is a new angle set with elements being those of the angle B@ximize |[A(w, )| Intuitively, if we design the AWV to
A added byy. disperse the transmission power along different widelyesg

angles, the beam width can be broadened. More specifically,
The proof is referred to Appendix A, and this theorem caifi a large antenna array is divided into multiple sub-arrays
be used not only for the BMW-SS approach, but also for othend these sub-arrays point at sufficiently-spaced dinestia
codebook design methods. wider beam can be shaped.

Theorem 1 implies that given an arbitrary codeword To illustrate this, let us separate theantenna array intd/
we can rotate its beam coverag®’(w) by ¢ with w o sub-arrays withVy antennas in each sub-array, which means
V/Na(N,). This theorem helps to design all the otheN = M Ng. In addition, lettingf,, = [W](m—1)Ng+1:mNg: WE
codewords in the same layer once one codeword in this layetve|f,.], = [W](n—1)ng+n, m = 1,2, ..., M. f,, can be seen
is found. To explain this, we need to emphasize that all th& the sub-AWV of then-th sub-array. Therefore, the beam
codewords in the same layer have the same beam widths §ain of w writes
different steering angles according i0](20), which meaas th N
the beam coverage of all the codewords can be assumed to (w,w) = Z [w] p—im(n—1w
have the same shape but different offsets in the angle domain ’ "

=1
Thus, we can obtain one codeword based on another in the nM Ns
same layer as long as we know the angle gap between them - [w]( DNet e—im(m=1)Ns+n—1)w
. . . . m— n
according to Theorem 1. In particular, suppose we find the firs oo eyt s

codeword in thek-th layerw(k, 1). According to [20), we do M Ns

know that the angle gap between theth codeword in the =D ) eI ONsef, ] ein(nmhe
k-th layer, i.e.w(k,n), andw(k,1) is 222, n = 2,3, ..., 2", m=1n—1

Then we can obtain the all the other codewords in this layer Mo

based onw(k, 1) according to Theorem 1 (see Corollary 1 = Z e ITmTINSY (£ w),

below). m=1

(24)
Corollary 1. Given the first codeword in thé-th layer Which means that the beam gain of can be seen as the
w(k, 1), all the other codewords in thé-th layer can be union of those off,,. According to [I8), by assigning, =

found through rotatingw(k, 1) by 22;2’ n = 2,3,..2" ejema(NS,—l + 27;\21), whereel?= can be seen as a scalar
respectively, i.e.(k,n) = w(k, 1) o \/Na(N 202y coefficient with unit norm for then-th sub-array, then-th
’ ' T2 sub-array has beam covera@¥(f,,) = [-1 + 22=2 1 +

Proof: To prove this corollary, we need to prove that,i}:], m=1,2,..., M. Hence,w has the beam coverage
according to[(20), whew (k,n) = w(k,1)ovNa(N, 22:2),

— 1422 g2 M 2M 2 M2
wikin) € WN) andCW(wk.n)) = 215505 =LH 58 oy = ] OV(n) = (=1, ~14 2] = [-1,—14+ 220 ],
Since I Ns N
2n — 2 (25)
[w(k,n)]; = [w(k,1) o VNa(N, —5r i 22) i.e., the beam width has been broadened\b¥ by using the

N e V= sub-array technique, where a broadening fagfocomes from

=[w(k, Dlie S the number of sub-arrays, while another factérresults from
we have|w(k,n)];| = |[w(k,1)];|. As w(k,1) € W(N), the reduction factor of the sub-array size.
w(k,n) € W(N). However, in the above process, the mutual effects between

In addition, w(k, 1) has a beam coverage'1,—1 + ]. different sub-arrays are not taken into account. In the cése
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f,, = e’ a(Ng, —1 + 23=1), we have

. 2m —1
A(w,w) | £, = el’ra(Ng, —1 + i )
s
M
=+/Ng Z e AT (M=1)Nsw ifm o (26)
m=1
2m —1

a(Ns, w)Ha(NS, -1+

).
S

As the steering vector has the properties th@vs, —1 +

—1)Ha(Ns, -1 + 2-1) = 0 whenm # n, the beam gain 7%3
of f,, along the angle-1 + 2’]@—? is affected little byf,,. It Wi 1)
is clear thajA(w, -1+ 23—=4)| = /N5 for m = 1,2,..., M, 7WE1,2;

— w(0,1

which means that the beam gains along angles 1 + 22—
are significant.

Additionally, to reduce the beam fluctuation, it is requireu
that the intersection points in the angle domain of thesg 4. Beam patterns of(2, 1), w(2,2), w(1,1), w(1,2) andw(0, 1)
coverage regions, i.ey = —1+ fv—z n=1,2 .. M—1,also forthe BMW-SS approach, whe®y = 128.
have high beam gain, and this can be realized by adjusting
coefficientsel’~. Concretely, we havd (28), where in (a) we
have used the fact tha{ Ns,w;)®a(Ns,ws) is small and can
be neglected whefw, —w2| > 2/Ng, in (b) we have exploited
the condition thatNs is even in this paper. To maximizethat the beam coverage of(0, 1) is just the union of those of

|A(w,w)|?, we face the problem w(1,1) andw(1,2), while the beam coverage &¥(1,1) is
o ) just the union of those o# (2, 1) andw(2, 2). Comparing the
maximize [ f(Ns, A)[%, (27)  peam pattern of DEACT shown in Figl 3 with that in Fig. 4, it

] ] Neo1 can be observed that although there are small-scale flimgat
which has a solution thah\ = (2k — =3==)7, wherek €  for BMW-SS, the beams of BMW-SS appear flatter than those
Z. Thus, we may choose,, = —jm~5=1r, which satisfies of DEACT within the covered angle.

A6 = 7, to reduce the fluctuation of the beam.

In summary, by using the sub-array method and setti
N, 1

ngOn the other hand, for BMW-SS all the codewords either
£, — e‘jm%”a(Ns,—l n 2%_1)' m = 1.2, M, we ha\_/e all the anten_nas_s.acuvated, or have half of them _aetivat

] i S o oap which shows a significant advantage over DEACT in terms
obtain a codewordv with a beam widthiz> = =g—. If we  of the maximal total transmission power, especially for the
jointly using the sub-array and_deactlvatlg]?mmethod, W€ Maw-layer codewords. Fid.]5 shows the comparison of beam
obtain codewords with beam widttigs = 2*5¥2 by setting patterns of BMW-SS, DEACT, and the approach inl[19]

as (termed as Sparse) with the per-antenna transmission power
—im& L 2m—1 _ model, where all the weights of active antennas have a unit
£, = ‘ alls, -1+ Ns Jym=1,2 .., Na, amplitude. From this figure, we find that BMW-SS offers
Ongx1, m=Na+1,Na+2,.., M. much higher beam gains than DEACT due to exploiting much
(29) greater number of active antennas. In addition, for the Spar
where N, is the number of active sub-arrays. codebook, when the number of RF chains is small, there
3) Codebook GenerationRecall that we need to designare deep sinks within the beam coverage of the wide-beam
w(k,n) with beam widths2/2* in the k-th layer. codewords, and the sink is more severe when the number of
Whenk = log,(N), we havew(log,(N),n) = a(N,—1+ RF chains is smaller, which are in accordance with the result
1) n=1,2,..,N. in [19] (Fig. 5 therein). Clearly, if the AoD or AoA of an
When k = log,(N) — £, wherel = 1,2,...,log,(N), we MPC is along the sink angle, it cannot be detected with the
obey the following procedures to computgk, n): codeword, which results in miss detection of the MPC. By

« Separatew(k, 1) into M = 2L(+1/2) sub-arrays with contrast, BMW-SS does not have such deep sinks.

£ = [W(k, D] m—1)Ns+1:mns, Where|-] is the flooring ¢ is noted that the corresponding hierarchical search ef th

integer operationin = 1,2,..., M; designed codebook will eventually converge to a codeword

« Setf,, as [29), whereVy = M/2if £ is odd, andNa = of the last layer, i.e., a steering vector, at both ends. We
M if £ is even; can find that the angle resolution of the last layerjsv.

. AccordmgQ(toigorollary 1, we havev(k,n) = w(k,1) o Thys, the designed codebook is just coarse codebook, while
\/Na(N, N ), wheren = 2.3, ..., 2%; the corresponding search method is coarse search, like ihos

« Normalizew(k,n). [27]. If a higher angle resolution is required, a fine coddboo

Fig.[4 shows an example of the beam pattern of the BMWomposed by steering vectors with a smaller sampling gap
SS approach in the case &f = 128. From this figure we find than2/N is necessary. Details are referred [to][27].
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2m —1
S

M
A(W,w) ‘ {fm:eJ9ma(NS’_1+ ), w:_1+N_n} =4/ Ng E e*Jﬂ'(mfl)NsweJé}ma(NS’w)Ha(NS’_1+
5 m=1

(a) 2n —1

. . 2 : : 2
~ Nse_-‘”("_l)Ns“’e-‘e"a(Ns, -1+ N_Z)Ha(Ns, -1+ - ) + \/Nge i™Nsweifntig(Ng, —1 + N_Z)Ha(Ns, -1+ Ns )
1 Nsg Ns

— efjrr(nfl)Nswejen ~ <Z efjﬂ(ifl)/Ns + ejﬂNswej(QnJFlan) Zejﬂ(il)/Ns>

V' Ns i=1 i=1
(:b) 1 e—im(n=1)Nsw ,jbn (%S: e—im(i—1)/Ns +ejA0§€jﬂ(il)/Ns>

V' Ns i=1 i=1
A 1

e—.i#(n—l)NswejOnf(NS7 AB),

VNs (28)

a typical 2-dimensional grid UPA withn x n elements, its
5 steering vector can be expressed as the Kronecker product of
those of two ULAs withm x 1 andn x 1 elements, respectively
[26]. The search process as well as the codebook design could
be extended to the UPA model and will be studied later.
On the other hand, for a UCA model, the two criteria
are also feasible, but that the beam coverage in Criterion 1
0 should be extended to a 2-dimensional angle range, indudin
both the azimuth and elevation angle ranges. However, the
proposed BMW-SS approach can hardly be extended to the
UCA model, because the relation between the elements of
a steering vector changes. It would be indeed interesting to
; design a new codebook according to the proposed criteria wit
270 a UCA mode.
3) For Arbitrary Number of Antenna Elementdn this
paper we require that the number of elements of a UNA s
) _ MP for some positive integes, which is because the BMW-
Fig. 5. Comparison of the beam patterns of BMW-SS, DEACT, trel L .
approach in[[19] (termed as Sparse) with the per-antennartriasion power SS approach needs to divide the array or a sub-array]\tﬁto
model, whereN = 32. L; = 1 for the Sparse approach. smaller sub-arrays. For a ULA with an arbitrary number of
elements, the sub-array technology is infeasibléVifis not
M to an integer power. Hence, the proposed approach may
D. Generalization not be extended to with arbitrary number of antenna elements
. . _ There are two possible choices in practice. One is to select a
1) For the Hybrid Precoding Structuretn this paper we ULA with N being M to an integer power when designing

adopt an analog beamforming structure, and both the prdeﬁq:e system, which is reasonable because the beamforming
two criteria and the BMW-SS approach are based on tﬁi

X ethod should be considered in system planning. The other
analog beamforming structure. However, they are natura

. : ; e is to exploit BMW-SS for beamforming with/ L& V)
feasible for the hybrid precoding structure, because tla¢ogn ag{t{ennas while deactivating the other ones, whefds the
r

beamforming structure can be seen as one of the brancheﬁ operation. Afterwards, further beam refinement can be

the hybriql precodjng structurg [19]' i ) ) launched with all the antennas activated.
To realize multi-stream transmission with the hybrid pre-

coding structure, the AoDs and AoAs of multiple MPCs need
to be searched. The search process with BMW-SS based on
the beamforming structure in this paper can be adopted tdn this section, we evaluate the performance of the designed
search the AoD and AoA of each single MPC. In fact, simildrierarchical codebook by the BMW-SS approach, and compare
extension from one-stream transmission to multi-streamstr it with the alternatives. We consider two different system
mission has been studied for the Sparse codebodk in [19].models on the transmission power, namely total transnrissio
2) For Other Types of Antenna Arraydn this paper we power and per-antenna transmission power, which correspon
adopt a ULA model. There are other types of antenna arraystanthe signal models in{1) and](5), respectively. The total
practice, e.g., uniform planar array (UPA) and uniformglaz  transmission power signal model reflects the performance fo
array (UCA). The proposed criteria and the BMW-SS approatie case that the transmission power on each antenna branch
can be easily extended to the UPA model. In particular, faan be high enough, while the per-antenna transmissionmpowe

w(3,3) for Sparse, 2 RF Chains |
w(3,3) for Sparse, 4 RF Chains| -
w(3,1) for BMW-SS
w(3,2) for BMW-SS
w(3,1) for DEACT
w(3,2) for DEACT

210\

IV. PERFORMANCEEVALUATION
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signal model reflects the limit performance for the case th -

the transmission power on each antenna branch is lihite
The per-antenna transmission power model makes more se P I . USRS 7
in mmWave communication, where the output power of o
single power amplifier is generally limited [[2][I[4]. The 251 A
activation/deactivation operations of a codebook ardevent % /;3/
to the power models. In particular, no matter which powse §20 '//8/
model is adopted, the codewords of BMW-SS either have all & F
half of the antennas activated, those of DEACT have varyi g 15 AT
numbers of the antennas activated and the number may ¢ 47 | —o—Los, DEACT
quite small, while those of Sparse always have all the amient e T oe tooer pound
activated. 5l o 4 ~ © — NLOS, DEACT

Besides, in the simulations, both LOS and NLOS chann 7 o SN, LBJ:)"’;Ae’r‘zfund
models are considered based @h (8). For LOS channel, o ; ; ; ‘ —

0 2 4 6 8 10 12

first MPC has a constant coefficient and random AoD ar
AoA, while the other NLOS MPCs have complex Gaussial:-
distributed coefficients_ and random AoDs and AoAs [26]3ig. 6. Received power during each search step with the BMM&Sd
[29]. The LOS MPC is generally much stronger than thBEACT codebooks under both LOS and NLOS channels, where= Ny =
NLOS MPCs. For NLOS channel, all the MPCs have compléi. L = 3, Pt =1 W, andNo = 10~* W. Step 1 to Step 6 is for Rx
Gaussian-distributed coefficients with the same variamze a "9 while Step 7 to Step 12 is for Tx training.
random AoDs and AoAs|[19],[[26],[[29]. Both the LOS
and NLOS channels are sparse in the angle domain, because

the number of MPCs is much smaller than the numbers afquire an arbitrary MPC of thé NLOS MPCs, which may
the Tx/Rx antennas [19][[26][ [29]. For all the codebooksiot be the optimal one acquired by the exhaustive search.
the hierarchical search method introduced in Section IlI-A Fig.[74 shows the success rate of hierarchical search with the
is used. The performances of received SNR and success BWW-SS, DEACT and Sparse (proposed [inl[19]) codebooks
are all averaged on the instantaneous result$06frandom under LOS channel, wherd/'r = Ng = 64, L = 3. 5 is
realizations of the LOS/NLOS channel. the power difference in dB between the LOS component and
an NLOS MPC. From this figure, it is observed that both the
transmission SNRy,,; andn affect the success rate. For all

. . . i the codebooks, the success rate improves;as increases.
In this subsection, the total transmission power signalehod, . ver due to the mutual effect of MPCs (i.e., spatial

shown in [[1_) is used. With this model,_ tr_le deactivation %\ding), the success rate improves little whgp, is already
antennas W!|| not affect the total transmlsspn power, tlee high enough. Basically when is bigger, the mutual effect is
tota! transmission power is the same for t_he involved sclsempess, and the success rate is higher. For the Sparse codebook
Fig.[8 shows the received power during each search sigR e rformance also depends on the number of RF chains.
with the BMW-SS and DEACT codebooks under both LOGhen the number of RE chains is small e.g., only 2, the
and NLOS channeli, whemy = Ng =64, L =3, Piot =1 deep sinks within the covered angle (See Elg. 5) will sharply
_W' an_d _NO - _10 W Le., the SNR for beam traln_m_g reduce the success rate, as shown in [Hig. 7. Furthermore, we
is sufficiently high, which means the length of the training,p, fing that the success rate with the BMW-SS codebook is
sequence is sufficiently long. The upper bound is achievighher than that with the DEACT codebook. This is because
by the exhaustive search method. For the LOS channel, i€ heams of the BMW-SS codebook are flatter than those of
LOS component has_ 1_5dB higher power than that qf 3He DEACT codebook; thus they are more robust to the spatial
NLOS MPC. From this figure we can find that the rece'Vecfélding. Also, the success rate with the BMW-SS codebook is

power performance of these two codebooks is similar to eafyner than that with the Sparse codebook when the number

other. Under both channels, at the beginning, i.e., in thst firof RF chains is not large.

two steps, DEACT behaves slightly better than BMW-SS; £y @ shows the success rate of hierarchical search with

while in the following steps, BMW-SS slightly outperformsthe BMW-SS, DEACT and Sparse codebooks under NLOS
DEACT, until both methods achieve the same performangﬁam,]eI whereVy — N = 64. From this figure, the same

after the search process, because they have the same ormance variation with respect to the transmission SNR
layer codewords. Meanwhile, both approaches reach theruppe

: f tot Can be observed as that in Fig. 7, and Sparse with 2 RF
bound under LOS channel, while achieve a performance cl ins also has the poorest performance. In addition, BNBA-S

to the upper bound under NLOS chann_el. This i_s becauIﬁgsically outperforms DEACT and Sparse with 4 RF chains,
under LOS channel, the LOS component is the optimal MPC., superiority depends dn When = 1, i.e., there is

and it is acquired by all BMW-SS, DEACT and the exhaustivgnly one MPC. both BMW-SS and DEACT :';\c.hi'e’)ve a 100%
search. However, under NLOS channel, BMW-SS and DEAG],ccess rate whefi, is high enough, because there is no

2The limit performance here refers to the performance in tsedhat all spatlal fadlng. In contrast, Sparse cannot aCh.|eve a 1.00%
the active antennas transmit with maximal power. success rate even whdn= 1, due to the deep sinks within

Steps of the Hierarchical Search

A. Total Transmission Power Model
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performances of BMW-SS and DEACT with the same per-
antenna transmission power. With this model, the deaativat
of antennas will significantly affect the total transmissio
power. In particular, the total transmission power is lowfer
K the number of active antennas is smaller.
X~ DEACT.n = 10dB Fig.[d shows the received power during each search step
—+ BMW-SS, 1 = 10dB with the BMW-SS and DEACT codebooks under both LOS
:;: gzzzzjgi Z::::::‘ljgjg and NLOS channels, whet®r = Ng = 64, L = 3, Ppey = 1
& DEACT.n=20dB W, and Ny = 10~* W. The upper bound is achieved by the
—©— BMW-SS, n = 20dB exhaustive search method. For the LOS channel, the LOS
7 Sparse, 2RF Chains, n = 2048 component has 15dB higher power than that of an NLOS
—<— Sparse, 4 RF Chains, n = 20dB . . e . . . . .

MPC. Comparing this figure with Fif] 6, we find a significant

1

0.9

0.8

0.7

0.6

05F
i
0.4r

Success Rate

0.3

0.2}

* - ¥l
01f 4 - V:figﬂ”:”v’”m -y difference that with the per-antenna transmission poweteho
0‘ ‘ ‘ ‘ ‘ BMW:-SS has a distinct superiority over DEACT during the
0 10 20 30 40 50 search process, especially at the beginning of the search

SR (49) process. The superiority is about 15 dB at the beginningjtand

Fa 7 S  of hi hical b with the BMWISEACT and becomes less as the search goes on, until vanishes at thé end o
19. 7. uccess rate or nierarchical searcn wi e 5 an . . .
Sparse codebooks under LOS channel, whéie= Ng = 64, L — 3. 17 is beam search, i.e., the two methods achleve_ the same received
the power difference in dB between the LOS component and zdMPC. SNR after the search process. The superiority of BMW-SS
results from the fact that the number of the active antennas
for the codewords with wide beams is significantly greater

1 : I S S S— than that for DEACT, and thus BMW-SS has a much higher
0ol X X XX =y total transmission power than DEACT when the per-antenna
' oA transmission power is the same.
0.8 Feo Ko e —

Moreover, the increasing speed of received power is the
same from Step 1 to Step 6 for both of the two schemes,

0.7

2 o6k —&— DEACT, L=1 but from Step 7 to Step 12, the increasing speed for BMW-
o o BMweSs, L=l SS varies, and that for DEACT becomes greater than that
3 o5t ~v~—  Sparse, 2 RF Chains, L=1 =t |
gy —&— Sparse, 4 RF Chains, L=1 from Step 1 to Step 6. This is because with per-antenna trans-
@ 04r ~X~ DEACT, L=4 mission power, there are two power gains during the search
——  BMW-SS, L=4 . . .
osf %~ Sparse, 2 RF Chains, L=4 process according t@1(4), namely the array galn.pr_owded by
ool —%— Sparse, 4 RF Chains, L=4 narrowing the Tx/Rx beams and the total transmission power
21 PEsaE S —

Tk gain provided by increasing the number of active transmit
antennas. For DEACT, there is only Rx array gain from Step
‘ 1 to Step 6, where Rx training is performed, while there are
0 10 20 30 40 50 . . .
SNR (dB) both Tx array gain and total transmission power gain from
Step 7 to Step 12, where Tx training is performed; thus, the
Fig. 8. Success rate of hierarchical search with the BMWIIBACT and  increasing speed of received power is greater from Step 7
Sparse codebooks under NLOS channel, whgfe= Ng = 64. to Step 12. For BMW-SS, there is also only Rx array gain
from Step 1 to Step 6 for Rx training; thus the received
power consistently increases with the same speed as DEACT.
the covered angle. Wheh > 1, all these schemes can hardyBut from Step 7 to Step 12 for Tx training, although the
achieve a 100% success rate, due to the mutual effectTof beam consistently becomes narrower, which means that
multiple MPCs. Tx array gain is consistently improved, the number of active

It is noteworthy that the superiority of BMW-SS versu@ntennas alternatively changes betweénand Nt /2, which
DEACT in Fig.[8 is different from that in Fig§l 7 and 8. Fig.means that the total transmission power may become larger
just shows the variation of the received power during tH¥ smaller. Hence, when both the Tx array gain and total
search process with a high SNR, while Figs. 7 &8hd 8 shdf@nsmission power increase, the received power improves
the search results over a wide SNR range. Flg. 6 actuatith a speed the same as DEACT, while when the Tx array
corresponds to the search process for a set of points in Figain increases but the total transmission power decretees,

@ and[3 with SNR equal of 40dB, and the received-powé&gceived SNR does not improve and may even decrease.
superiority of BMW-SS over DEACT in Fid.]6 will become It is noted that the superiority of BMW-SS over DEACT at
larger if smaller SNR values are adopted. the beginning of the search process is with big significance
for mmWave communication, where per-antenna transmission
power is generally limited. This superiority guaranteeat th
with the BMW-SS codebook, the success rate of beam search

In this subsection, the per-antenna transmission poweill be upgraded with the same transmission distance, or the
signal model shown in[{5) is used to compare the limttansmission distance will be extended with the same sacces

0.1
Y- Ve Ve TV mg T VT - -y
o i i i

B. Per-Antenna Transmission Power Model
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Steps of the Hierarchical Search

Fig. 9. Received SNR during each search step with the BMWHBDEACT Fig. 10. Success rate of hierarchical search with the BMVWaS& DEACT

debook der both LOS and NLOS ch Is, wiére= Np = 64, codeboo_ks under_ LOS channel, whexe- = Ng = 64, L = 3. n is the
(zozegooppscrui IE(N ?:mdNo :a{]o% W. St(;pagntg SSt:;) 6 is for RR)’( training, POWer difference in dB between the LOS component and an NLGEM

while Step 7 to Step 12 is for Tx training.

1 — —g—n
rate of beam search. 0ol 1

Figs[10 and 111 show the success rates of hierarchical see ' %
with the BMW-SS and DEACT codebooks under LOS an 08f ¥
NLOS channels, respectively. The same simulation conditio 07t 1
are adopted as those in Figs. 7 ddd 8, respectively, and osh igmﬁgéﬁl

same results can be obtained from Figs. 10[add 11 as th
from Figs.[T andB, respectively, except that the supeyiaofit
BMW-SS over DEACT becomes more significant in Figsl 1

1 —— Sparse, 2 RF Chains, L=1
057 —<— Sparse, 4 RF Chains, L=1
—*— DEACT, L=4

—+— BMW-SS, L=4

Success Rate

and[11, which benefits from not only the fact that the bear 0al , —%— Sparse, 2 RF Chains, L=4
of the BMW-SS codebook are flatter than those of the DEAC ool —* Sparse, 4 RF Chains, L=4
codebook, but also that the number of the active antennas ’ I
the BMW-SS codewords is basically much greater than that 01p 1
DEACT, which offers much higher total transmission powe — A e s
Also, Figs.[I0 and 11 reveal that even with low per-anteni 20 1o ® snr@e) 20 %0

transmission power, the success rate of BMW-SS can be cluse
to 100%, which is evidently better than those of DEACT anflg 11. success rate of hierarchical search with the BMW&S&DEACT
Sparse. codebooks under NLOS channel, whév¥g: = Ny = 64.

V. CONCLUSION

In this paper hierarchical codebook design has been studBdW-SS codebook also outperforms the Sparse codebook,
for mmWave communication. Firstly, two basic criteria haveince there are no deep sinks within the beam coverage for
been proposed for the codebook design. Next, a compl&®IW-SS.
binary-tree structured hierarchical codebook has bedgmiesd
by jointly using sub-array and deactivation techniques,, i.
the BMW-SS approach. Performance evaluation has been
conducted with both a total transmission power and a per-
antenna transmission power system models. Results show
that the BMW-SS codebook offers two advantages over the
deactivation codebook, namely flatter beams and much largeGiven an arbitraryN-element vectow and two arbitrary
number of active antennas. Both of these two advantagesgles) and(2, we want to prove thatV(wov/Na(N,v)) =
basically provide performance superiorities in terms of r€V(w) + ¢, where A + 1 is a new angle set with elements
ceived power during the search process and the succesd rateeing those of the angle set added byw. Note thatw o
beam search under both transmission power models, and th&¥a(N, ) is actually a new vector achieved based wn
performance superiority is especially significant with flex- and the steering vectas(N, ). Let us first see the beam
antenna transmission power system model. In addition, tbain of this new vector.
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