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Abstract—Large antenna arrays at the base station can fa-
cilitate power efficientsingle user downlink communication due
to the inherent array power gain i.e., under an average only
total transmit power constraint, for a fixed desired information
rate, the required total transmit power can be reduced by
increasing the number of base station antennas (e.g. with i.i.d.
fading, the required total transmit power can be reduced by
roughly 3 dB with every doubling in the number of base station
antennas, i.e., anO(N) array power gain can be achieved with
N antennas). However, in practice, building power efficient large
antenna arrays would require power efficient amplifiers/analog
RF components. With current technology, highly linear power
amplifiers generally have low power efficiency, and therefore
linearity constraints on power amplifiers must berelaxed Under
such relaxed linearity constraints, the transmit signal that suffes
the least distortion is a signal with constant envelope(CE).
In this paper, we consider a single user Gaussian multiple-
input single-output (MISO) downlink channel where the signal
transmitted from each antenna is constrained to have a constant
envelope (i.e., forevery channel-usehe amplitude of the signal
transmitted from each antenna is constant irrespective of the
channel realization). We show that under such a per-antenna
CE constraint, the complex noise-free received signal lies in the
interior of a “doughnut” shaped region in the complex plane.
The per-antenna CE constrained MISO channel is therefore
equivalent to adoughnut channeli.e., a single-input single-output
(SISO) AWGN channel where the channel input is constrained to
lie inside a “doughnut” shaped region. Using this equivalence, we
analytically compute a closed-formexpression for an achievable
information rate under the per-antenna CE constraint. We then
show that, for a broad class of fading channels (i.i.d. and
direct-line-of-sight (DLOS)), even under the more stringent per
antenna CE constraint (compared to the average only total powe
constraint), an O(N) array power gaincan still be achieved
with N base station antennas. We also show that witliv > 1,
compared to the average only total transmit power constrained
channel, the extra total transmit power required under the per-
antenna CE constraint, to achieve a desired information rate is
small and boundedfor a broad class of fading channels (i.i.d.
and DLOS). We also propose novel CE precoding algorithms.
The analysis and algorithms presented are general and therefore
applicable to conventional systems with a small number of
antennas. Analytical results are supported with numerical resuls
for the i.i.d. Rayleigh fading channel.

I. INTRODUCTION
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Fig. 1. Maximum Ratio Transmission (MRT) versus per-antennastant
Envelope (CE) constrained transmission, for a given avetagg transmit
power constraint ofPr. h = (hy,--- ,hN)T is the vector of complex
channel gains.

[1]. One way of reducing the power consumed is to reduce
the total radiated radio-frequency (RF) power. In theohg t
total radiated power from a base station can be reduced
(without affecting downlink throughput), simply by incisag

the number of antennas. This has been traditionally rederre
to as the “array power gain” [2]. In addition to improving
power-efficiency, there has been a great deal of recenteistter
in multi-user Multiple-Input Multiple-Output (MIMO) sysins
with large antenna arraysdue to their ability to substantially
reduce intra-cell interference with very simple signal qess-

ing (see [3] for a recent work on communication with an
unlimited number of antennas).

To illustrate the improvement in power efficiency with
large antenna arrays, let us consider a downlink channel
with the base station havingy > 1 antennas and a single-
antenna user. With knowledge of the channel vector={
(h1,ha, -+ ,hy)T) at the base station and average only
total transmit power constraint oPr, information v (with
mean energyE[|u|?] = 1) can be beamformed in such a way
(i-th antenna transmit¢/Prh}u/||h||,) that the signals from
different base station antennas add agherentlyat the user
(user receives/Pr||h||,u), thereby resulting in an effective

The high electrical power consumption in cellular basehannel with a received signal power that|ls||? /|, |* times
stations has been recognized as a major problem worldwikigher compared to a scenario where the base station has only
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one antenna. For a broad class of fading channels (i.i.chdad
DLOS) ||h||? = |h1[*O(N), andtherefore, for a fixed desired
received signal power, the total transmit power can be reduc
by roughly half with every doubling in the number of base



station antennasThis type of beamforming is referred to asconstraint i.e., the instantaneous per-antepaachannel-use
“Maximum Ratio Transmission” (MRT) (see Fig. 1). power isconstanti.e., Pr/N (where Pr is the constant total

In theory, to achieve an order of magnitude reduction in th@wer radiated per-channel-use, and is independent of the
total radiated power (without affecting throughput) wonkeed channel realization).
base stations with “large” number of antennas (by large, we Specific contributions made in this paper are, i) we show
mean tens). However, building very large arrays in practidbat, under a per-antenna CE constraint the MISO downlink
requires that each individual antenna, and its associated €hannel reduces to a SISO AWGN channel with the noise-
electronics, becheaply manufacturecand implemented in free received signal being constrained to lie indotghnut
power efficientRF technology. It is known that conventionalshaped region in the complex plane, ii) using the equivalent
base stations arfeighly power inefficientthe ratio of radiated doughnut channel model, we computelased-formanalytical
power to the total power consumed is less thagrercent), the expression for an achievable information rate, iii) we also
main reason being the usage of highilyear and power in- proposenovel algorithms for downlink precoding under the
efficient analog electronic components like the power afiepli per-antenna CE constraint. Our results show that for a large
[4].? Generally, high linearity implies low power efficiencyclass of fading channels (i.i.d. fading, DLOS), i) under plee-
and vice-versa. Therefore, non-lindart highly power efficient antenna CE constraint, an array power gairDgfV) is indeed
amplifiers must be used. With non-linear power amplifiers, trachievablewith N antennas, ii) by choosing a sufficiently
signal transmitted from each antenna must havevapeak- large antenna array, at high total transmit povir, the ratio
to-average-power-ratio, so as to avoid significant sigigtbd  of the information rate achieved under the CE constrainhéo t
tion. The type of signal that facilitates the use of most pewecapacity of the average only total power constrained channe
efficient and cheap power amplifiers/analog components dgn be guaranteed to lotose tol, with high probability. This
therefore aconstant envelopéCE) signal. is in contrastto Wyner’s result in [5] forV = 1, where this

With this motivation, in this paper, we consider the dowhklinratio is only 1/2 at high Pr. Analytical results are supported
of a single-user Gaussian MISO fading channel with the $ignaith numerical results for the i.i.d. Rayleigh fading chahn
transmitted from each base station antenna constrainedWe believe that the results and algorithms presented in this
have constant envelope. Fig. 1 illustrates the proposethkigpaper are novel and are expected to haverafoundimpact
transmission under a per-antenna CE constraint. Esdgntian significantlyimproving thepower efficiencyf cellular base
for a given information symbok: to be communicated to stations by deployindarge antenna arrays at low cast
the end-user, the signal transmitted from thth antenna is  Notations: C and R denote the set of complex and real
\/Pr/Nel% . The transmitted phase anglgt’, - -- ,0%) are numbers.|z| andarg(z) denote the absolute value and argu-
determined in such a way that the noise-free signal receivet¢nt ofz € C. For anyp > 1 andh = (hy,--- ,hy) € CV,
at the end-usematches closelyith u. As shown in Fig. 1, |hl|, 2 (32, 1hi|P)/P. E[] is the expectation operator. Abbre-
under a per-antenna CE constraint, the amplitude of theakiggiations: r.v. (random variable), bpcu (bits-per-charnss).
transmitted from each antennadenstant(i.e., v/ Pr/N) for
every channel-use, irrespective of the channel realinatio . i .
contrast, with MRT, the amplitude of the transmitted signal W& consider the downlink of a single user MISO system.
depends upon the channel realizatias well asu, and can 1h€ complex channel gain between thth transmit antenna
vary from 0 to v/Pru|.3 Since, the CE constraint is muchand the user’s receive antenna is denoted /by and the
more restrictive than the average only total power constrainhannel vector by = (hy, ha, - -- ,h)". The base station
a natural question which arises now, vighether, and how IS assumed to have perfect knowledgehgfwhereas the user

much array power gain can be achieved with the stringeﬁ_reqUireq to have oryly partial knowledge (we shall discuss
per-antenna CE constraint ? this later in more detail). Let the complex symbol transeutt

So far, in reported literature, this question has not bedfpm thei-th antenna be denoted by. The complex symbol
addressed. For the special casef= 1 (SISO AWGN), received by the useris given by
channel capacity under an input CE constraint has been N
reported in [5]. However, foV > 1, the only known reported Y= Z hiz; +w (1)
works on per-antenna power constrained communication con- i=1
sider an average-power only constraint (see [6] and rebeenwherew denotes the circularly symmetric distributed AWGN
therein). In contrast, in this paper, we consider a nstrimgent noise having mean zero and varianeé. Due to the same

CE constraint on each antenna and a total transmit power

ZIn conventional base stations, abd0t-50 percent of the total operational constraint of P, we must havexr;|> = Pr/N,i=1,...,N.
power is consumed by the power amplifier and associated RFrabas Thereforez; must be of the form
which have a low power efficiency of abobit— 10 percent [4]. g

3The proposed transmission scheme is also different from EQaih Pr .,
€Xr; = W6]17i:1,2, .,N

Il. SYSTEM MODEL

Transmission (EGT). In a MISO channel with EGT, the signahsraitted (2)
from thei-th antenna is,/Pr/(NE[|u|2]) u 7%, where the angle§; are
chosen independently af and depend only on the channel gains (for e.g. . A .

€% = h¥/|h;|). Therefore in EGT, the envelope of the signal transmitte(:h\’here Jj = v-1, and ¥, 6 [—m, ) 'S. the phase ofz;.
from each antenna depends uperand therefore varies over time. We refer to the type of signal transmission in (2) as “CE



transmission”. Note that under an average only total transnmterference could then result in a loss in information fate
power constraint, the transmitted signals ardy required to Motivated by the above arguments, subsequently in this
satisfy E[>", |z;|*] = Pr, which is muchless restrictivethan paper, we propose to choose

(2). For the sake of notation, 16t 2 (6;, 6, - - ,0x)T denote U < M(h) (10)
the vector of transmitted phase angles. With CE transnissio

the signal received by the user is given by (using (1) and ( nd also that the precoder map is as defined in (7) and (6).

ith &/ C M(h) it is clear that the information rate would

JoR ‘ depend uponM (h), and therefore we characterize it in the
y=1/ WT Z hiel% + w. (3) next Section.
i=1

[1l. CHARACTERIZATION OF M (h)

Letu € U ¢ C, denote the information symbol to be com- We characterizeM (h) through a series of intermediate

municated to the uset((is the information symbol alphabet)'results. Due to lack of space we are unable to present proof fo

For a givenu, the precoder in the base station uses a m . . : . .
N . e intermediate results. Firstly, we define the maximum and
®(-) : U — [-m,m)" to generate the transmit phase angle . . .
minimum absolute value of any complex numberNii(h).

vector, i.e. 0—a 4
= max —_— =
The range of the AWGN noise-free received signal scaled ©=(01,,0n) , 0;€[—m,m) VN
down by v/Pr, i.e.,\/ & SN | hie?%, is given by N SV heed®
A ZN B ed0 m(h) = min =l | (11)
M) 2 { e lmm)i= LN} ® O=(Orerdw) tict-mm | VN
_ S Lemma 1: If z € M(h) then so doese’® for all ¢ €
By choosingl/ C M (h), for any v € U, it is implied that [, 7).
u € M(h), and therefore from (5) it follows that, there existsrne following two lemmas characterizel (h) andm(h).
a phase angle vect®* = (6%, --- ,0%) such that Lemma 2: M(h) is given by
N
/1 g N _
With th g " Lemma 3:
| e precoder map 4 4
o) 2 0 7 m(w) < Wl _ masictx ful (13)
where ©* satisfies (6), the received signal is given by The next theorem characterizes the 4dth).
Theorem 1:
y=+vVPrutw (8)

M) ={z|zeC mb) <[z < Mb)}.  (19)
i.e., the AWGN noise-free received signal is the same as the

intended information symbeal scaled up by/Pr. Proof — Let N 0,

If we choosel/ Z Mi(h), then it is clear that there (gx g5 ... 6%) 2ar min Lzt P (15)
exists some information symbal' ¢ M(h), for which any Oi€l=m.m),i=1,2,...N VN
transmitted phase angle vectér would result in a received -gnsider the single variable function
signal N .

N hiedt N it |
_ P 1 P szl v ! 9 A = hie] ¢
y=rIru ++/ T( JN u)+w 9) ft) = zjl\/ﬁ , t€]0,1] (16)
. N Liejei . .
where the energy of thﬂterferencaerm\/PT(%_ where the function®;(t), i = 1,2,..., N are defined as
u') is strictly positivefor any ©, sincew’ ¢ M(h). This 0, (1) A (1—1)0r —targ(hs) , t € [0,1]. (17)

Note that f(¢) is a differentiable function oft, and is

adaptively withh, and therefore the user must be informed about the newiierefore continuous for all € [0, 1]. Also from (15), Lemma
choseni/, every time it changes. By appropriately chooslidgwheneverh 2 gnd (11) it follows that

changes), the base station need not send control informttitire user about

eachgele)ment of the chosén To be precise, we shall see in Section Il that f(o) = m(h)2 ) f(l) = M(h)Q (18)

the setM(h) is the interior of a “doughnut” in the 2-dimensional complex-

plane and can therefore be fully characterized with dhiyon-negative real ~ SFor i/ ¢ M(h), it may be possible to consider a precoder map which
numbers (the inner and the outer radius). Therefore, as ammgaif we for anyu ¢ M(h), finds the phase angle vector which minimizes the energy
choosél/ to be square-QAM with its four maximal energy elements lying omf the interference term. However, even with this interfeexminimizing
the outer boundary aM (h), then the only information required to be sent toprecoder, through simulations, it has been observed thatdowentional
the user is the QAM alphabet size and the outer radiudtifh). A similar  alphabets like QAM,PSK, having/ ¢ M (h), does not increase the
observation holds true for PSK sets also. achievable information rate compared to whigrC M (h).

U C M(h) implies that the information symbol alphabet is chosen



Since f(¢) is continuous, it follows that for any non-negativesimple gradient descent algorithm would then converge ¢o th
real number with m(h)? < ¢? < M(h)2, there exists a value global minimum.

of t =t € [0,1] such thatf( ") =¢*. Let The first step of the proposed algorithm is based on the
A Z hi eﬁ ) Depth-First-Search (DFS) technique. Basically, for a giue
T- (19) we start with enumerating the possible values takendlyy

o such that (6) is satisfied wit®" = Ou. To satisfy (6), it is
From the definition of the seM(h) in (5), and (19) it is (ear thatd, must equivalently satisfy

clear thatz’ € M(h). From (19) and (16) it follows that

gN N— 1
12| = VI = c. (20) —hNe] \/ Z hiel (24)

Therefore, we have shown that for any non-negative regking theorem 1 this then equwalently implies that,

numberc € [m(h), M(h)], there exists a complex number(, /x7/ /N = 1)(y, — e’ Ny e M((h v D7) e,
having modulus: and belonging toM (h). WN/VN =Dl =205 (g, hv-0)™)

Further, from Lemma 1, we already know that the set (N—1) N hNej N (N-1)
M(h) is circularly symmetric, and therefore all complex m(h ) < 71‘“_ ‘3 M(h ) (25)
numbers with modulus belong toAM (h). Since the choice of

¢ € [m(h), M(h)] was arb|trary, any complex number withwhereh("N - D = (h1,...,hn—1)T andm(-), M(-) are defined
modulus in the intervalm(h), M (h)] belongs toM (h). in (11). For exampleM (h(V=1) = |W(N=1|,/{/N —1.

Equation (25) gives us aadmissibleset Iy, C [—m,7) to

A. The proposed precoder ma(u) = © which 6% must belong for (24) to be satisfied. We call this as
The proof of theorem 1 is constructive and for a giver  the k = 0-th “depth” level of the proposed DFS technique.

U C M(h), it gives us a method to find the corresponding Next, for a given value ob% € I%, we go to the next

phase angle vect®" = (4%, - - - , 6%) which satisfies (6). For “depth" level (ie., k = 1) and find the set of admissible
a gi\/enu elU C M(h), we define the function values for 9}1\/ 1- Essentlally, at ~the]€ -th depth |EVE| for
A ) a given choice of values o¢0 0% _ 1,...,97\,_k+1), with

fu(t) = f(t) = |ul”, t€[0,1] (L) 6y ) € I iy = -k, we solve for the set of

where f(t) is given by (16). Using Newton-type method<dmissible values fod%_, such that (6) is satisfied with
or simple brute-force enumeration, we can findta= ¢, © = ©“. From theorem 1, this set (i.ely_,, ) is given
satisfying f,,(t.) = 0 (the existence of suchta is guaranteed by the values ofl%, _, satisfying

by the constructive proof of theorem 1). The phase angles
> [N — k —1 m(h(N_k_l))

JON &
which satisfy (6) are then given by ’u(k) — M

0? - oi(tu) + (b (22)
whered;(t) is given by (17), and) is given by

j0
‘(k) NkeNk

= E:k it1 A
Jjo ﬂ (2 E) Whereu k) ('LL i=1 v W*eﬁ 1+1) and h(N k— 1)
‘ g N 00 (tu hi,...,hny_r_1)". If there exists no solution to (2 ) (I e,
; h el (tu) 6

I}, is empty), then the algorithm backtracks to the previous
For large N, it has been observed that, most local m|n|maepth level i.e.k — 1, and picks the next possible unexplored
of the error norm functiore®(©) £ |u — YN | he?? /N2 admissible value foPY_,., from the set/§_, ... If there
have small error norms, and therefdosv-complexitymethods exists a solution to (26), then the algorithm simply moves
like the gradient descenmethod can be used to fif@" by to the next depth level, i.ek + 1. The algorithm terminates
minimizing e*(©). However, with smallN, for a significant once we reach a depth level & = N — 1 with a non-
fraction of local minima, the value of the error norm functio empty admissible sef;. Sinceu € M h), the algorithm is
may not be smallwhich leads to poor performance of theguaranteed to terminate (by theorem 1). It can be shown that
gradient descent method. Therefore, for sniéjlwe propose for depth levels less thah = N — 2, the admissible set is
the following two-step algorithfh . generally an infinite set (usually a union of intervalsIi).

In the first step, we find a value @ = ©* such thatu — Therefore, due to complexity reasons, at each depth level it
Z 1 hi 30! /VN|?is sufficientlysmall. This step ensures thatis usually suggested to consider only a finite subset of galue
with h|gh probability, ©* is inside the region of attractionf from the admissible set (e.g. values on a very fine grid), and
the global minimum of the error norm function. In the seconterminate once the algorithm reaches a sufficiently high pre
step, with this® = 6 = (4}, --- ,0%) as the initial vector, a defined depth levek with the current error norm i.ejy()|

below a pre-defined threshold.

6 |t i _ ; . . . .
It is to be noted here, that foN = 2,3 there exist closed-form |y the second step, a gradient descent algorithm startitig wi

expressions fol©* and therefore the following algorithm is only required h itial 0 — (fv gu

when N is greater thar3 and generally less that0 (Since with large enough the initial vector® = ( N>+ O YN-—K+1> 0,... ,0), converges

N, the low-complexity gradient descent method suffices). to the global minimum of the error norm functiart(©).



IV. THE DOUGHNUT CHANNEL AND AN ACHIEVABLE V. INFORMATION RATE COMPARISON: CEvs. MRT

INFORMATION RATE With an average only total transmit power constraint, MRT

From theorem 1 it is clear that, geometrically the sdth) with Gaussian information alphabet achieves the capadity o
resembles a doughnut in the complex plane. Since we the single user Gaussian MISO channel, which is given by

propose to use an information symbol $étC M (h), and C =log (1 n ”thﬁ) (31)
the precoder map as defined in (7), we effectively have a 2 2 g2
“doughnut channél(see (8)) For a desired information rate, let the ratio of the totahsmit
power required under the per-antenna CE constraint to the
y=vVPrutw 27) power required under the average only total power constrain

(APC) be referred to as the “power gap”. From (30b) and (31)

where the information symbal is constrained to belong to theit now follows that the power gap can be upper bounded by

“doughnut” setM(h). For N = 1, the doughnut set contracts

: ) . : 1/k, where N2 2
to a circle in the two-dimensional complex plane, and for Wiz — ih2 (Zi\hll) — max; 2
which capacity is achieved when the inputis uniformly A (L)l 11 = N : N (32)
distributed on this circle, i.ey has uniform phase [5].

Ne|[h]2 JSOAIE
For N > 1, we propose/{ = M(h), with u “uniformly’  cjeary 0 < & < 1/e for any h. From (30b) and (31) it also

N

distributed inside the doughnut, i.e., its probability SN ¢, ows that Lunif 1 1
function (p.d.f.) is given by 1> I(y’g) >1— ngc("”"). (33)
pg””(z) = 21 —~, 2 € M(h). (28)  For practical fading scenarios of interest like i.i.d. fagli
m(M(h)? —m(h)?) and DLOS, with sufficiently largeN, x can be shown to
The information rate achieved with uniformly distributeds P€ greater than some strictly positive constantwith high
given by probability. For example, for a single-path only directdtof-
_ w w sight (DLOS) channel, we havé,| = ... = |hy|. Using this
I(y;u)unlf - h(u—l— \/?) - h(ﬁ) fact, it can be shown that/x — e as N — oo, for any h.
. . WT With i.i.d. fading, asN — oo, using the law of large humbers
> logy (2" + 2"V — h(w/V/Pr) and Slutsky’s theorem [8] it can be shown that
= log,(1+ 2" 7MWV (29) ~, (E[R)? (34)
I

whereh(s) 2_ | Ps(z)logy(Ps(2))d= denotes the differen-

tial entropy of the r.v.s (Ps(-) denotes the p.d.f. of). The
third step in (29) follows from the Entropy Power Inequalit
EPI) [7]" which states that for any complex r.v. (essentiall Y N .

; 2—r)e£1I]dimensionaI (V) = u+ov zvhich Fi)s the su(m of two V> N (e), the probability that a channel realization will have

» Vol —_— y ]E h1 2 . R

independent complex r.v's and v, the differential entropy @ value ofx > (e]E[I\h,-l?g — ¢ is greater tharl —e¢. From (34) it
of y (in bits) satisfies the inequalitg"®) > 20(w) 4 2h(v), also follows that, the asymptotld:\f(g oo_)_power gap limit Is
Sinceu is uniformly distributed inside\(h), we haveh(u) =  €EllRi|*]/(E[|hi[])?. For example, with i.i.d. Rayleigh fading

log, (m(M(h)? — m(h)?)). Using this in (29), we have this asymptotic power gap limit ige/, i.e., 5.4 dB.
For N = 1, it is known that, at largePr /o2 (i.e., largeC),

for a given Pr/o? the maximum information rate achieved
with CE transmission is roughlizalf of the channel capacity
under APC [5]. In contrast, wittv > 1, from (33) it follows
that CE transmission can achieve an information reltese
to the capacityC' under APC, sincd — % is close to
%(as() is large, andx is greater than a positive constant

where —, means convergence in probability (& — oo)
9N.r.t. the distribution ofh.® This then implies that, for any
rbitrary ¢ > 0, there exists an integeN (¢) such that with

Pr M(h)? — m(h)2) (308)

. unif
™ 2 oy (1 P

Pr |Ih[f — |[h[fZ

T(y: ) > ] (1 T
(yvu) jl Og2 + 0_2 Ne

). using lemma 2,3

(30b)

We therefore have an achievable information rate given ) . . )
the R.H.S. in the equations above. Note that, to achieve gh high probability (as discussed in the paragraph atjove)

information rate in the R.H.S of (30a), the receiver needg1IS f_ac_t 'S |I|u§trated throggh F'g'. 2, where we F?lOt t_he
ergodic information rate achieved with CE transmissioa. {i.

o have partial CSl only, i.e., it needs to only know(h) | formation rate averaged over the channel fading staesisti
and M(h), since these real non-negative numbers total hich is assumed to be Li.@A/(0,1) Rayleigh fading). In

characterize the set1(h).
(B) Fig. 2, the exactl (y; u)UNf has been computed numerically

7 With N > 1, a condition that is required for the usage of EPI to be vali(\.{\lhereas the EPI lower bound is given by the R.H.S. of (30a).
is that M (h) > m(h), since otherwise the se¥f(h) has a zero Lebesgue ]
measure leading to undefinédu). From Lemma 2 and 3 it follows that the ~ 2Here we have also used the fact thasx; [k;|/N converges to zero in
condition ||h||; > ||h|c implies M(h) > m(h). Since,||h|; > ||h|lcc  Probability asN — oco. Results from order statistics, show that for laye
holds for anyh having more than one non-zero component, the requirdth(loc = max; |h;| = E[|h;]]O(log(N)), and thereforemax; |h;|/N =
condition is met for most channel fading scenarios of prakttigarest. IE[\hiHO(%). (see [9] and references therein for more details)



~E- N=1, CE (Wyner) TABLE |
——N=1, E [C] Avg. Pow. Only, @RT) Pr/o? (DB) REQUIRED TO ACHIEVE AN ERGODIC RATE OF BPCU
TIINT SRR N=T | N=2 [ N=3 | N=4 | N=8 | N=16

MRT 10.1 6.4 4.3 2.9 -0.4 -3.5
p CE 14.3 | 10.4 | 9.0 8.2 5.0 1.8

—a-N=4 E/ [C] Avg. Pow. Only (MRT)

—} N =8, CE EPI Lower Bound (Unif. p.d.f.)
_s% N=8 E [I(y;u)"™ CE Exact (Unif. p.d.f.)

s— N =8, E_[C] Avg. Pow. Only (MRT)

B
£

and DLOSanO(N) array power gain can indeed be achieved
even with CE transmissiofi This conclusion is validated in
Fig. 2, where we observe that in increasing the number of
antennas fromV = 4 to N = 8 to N = 16, the required total
transmit power to achieve a fixed desired information raté of
bpcu,reducesy a factor of roughly3.0 dB for everydoubling
in the number of antennas. Similar conclusions can be drawn
from Table |, where the requireBr /o2 to achieve an ergodic
‘ rate of 3 bpcu is listed as a function oV (i.i.d. CA/(0,1)
et ? # 1  Rayleigh fading assumed). Also, CE transmission with even
Fig. 2. Comparison between the ergodic information rate aekiewvith small N can save power, e.g., in Table I, the required total
an average only total power constraint (MRT) to that achdewéth constant power with CE transmission an& = 3 is less than that

envelope (CE) transmission. i.i.d (0, 1) Rayleigh fading assumed. required withV — 1 and an averade onl ower constraint
We observe that folV > 1, the information rate curve with CE q B g y P '

transmissiorruns parallelto the capacity curve for an average VIl. CONCLUSIONS AND FUTURE WORK

only total power constrained (APC) chanfiéThis observation  |n this paper, we derived an achievable rate for a single-use

supports our analytical claim that, with high probability.(t. ~Gaussian MISO downlink channel under the constraint thet th

the distribution ofh) the ratio I(y; u)UNif/C is close to1 signal transmitted from each antenna has a constant erelop

for large C. However for N = 1 (as also reported in [5] We showed that for i.i.d. fading and DLOS, even with the

for non-fading SISO AWGN channel), we observe that thetringent per-antenna CE constraint, @{N) array power

CE information rate curve has a muamaller slope w.r.t. gain can still be achieved with’ antennas. Also, compared to

log(Pr/c?), when compared to the slope of the capacity cunwe average only total transmit power constrained charthel,

for the APC channel. In Fig. 2, we also observe that witbxtra total transmit power required under the CE constraint

N = 16 and over a wide range of values Bf/o*, the power to achieve a desired rate (i.e., power gap), is shown to be

gap is about5.3 — 5.5 dB (which matches closely with the bounded and small. We believe that these results hold tmue fo

asymptotic power gap limit 05.4 dB as discussed earlier). a much broader class of fading channels, and are not limited

to i.i.d. fading and DLOS. Future work involves deriving the

) ) ) _capacity of the equivalent “doughnut” channel in order to
For a desired ratd? and a given precoding scheme; withayactly characterize the power gap. We would also extend

N antennas, tharray power gainachieved by this scheme agits in this paper to the multi-user setting.

is defined to be the factor of reduction in the total transmit

power required to achieve a rate Bfbpcu, when the number REFERENCES

of base station antennas is increased frorio N. With an [1] A. Fehske, G. Fettweis, J. Malmodin and G. Biczok, “The I&lb

average only total power constrajwith N antennas the MRT ~ Footprint of Mobile Communications: The Ecological and Equfm
Perspective, JEEE Communications Magazinpp. 55-62, August 2011.

precoder achieves an array power gain of (using (31)) [2] D. N. C. Tse, “Fundamentals of Wireless Communicatio@gmbridge
MRT Zf‘; L al? University Press2005. _ _ o
Gy (R) =172 (35) [3] T.L.Marzetta, “Non-cooperative Cellular Wireless tvitinlimited Num-
|h1| bers of Base Station AntennasEEE. Trans. on Wireless Communica-

which is O(N) for i.i.d. fading and DLOS. With CE trans- . 1ons pp. 3590-3600, vol. 9, no. 11, Nov. 2010.

P : - - 4] V. Mancuso and S. Alouf, “Reducing Costs and PollutionGellular
mission, using the R.H.S of (30b) as the information rate, th Networks,” [EEE Communications Magazinpp. 63-71, August 2011.

— % - N =16, CE EPI Lower Bound (Unif. p.d.f.)
_o-N=16E [1(y;u)"™] CE Exact (Unif. p.d.f.)

o N = 16, Eh [C] Avg. Pow. Only (MRT)

Ergodic Information Rate (bpcu)

VI. ACHIEVABLE ARRAY POWER GAIN

array power gain achieved with’ antennas is given by [5] A. D. Wyner, “Bounds on Communication with Polyphase CaylirBell
N 9 S Sys. Tech. Journapp. 523-559, vol. 45, Apr. 1966.

CE G2CE(R) {{ dim1 ‘hz|/N} — max; |h;[*/N } [6] M. Vu, “MISO Capacity with Per-Antenna Power ConstraintEEE

Gy (R)=N Trans. on Communicationgp. 1268-1274, vol. 59, no. 5, May 2011.

2
2 {{ 2 |hil/2} — maxi—1,2 |hi|2/4} [7] S. Verdu and D. Guo, “A Simple Proof of the Entropy-Poweeduality,”
IEEE Transactions on Information Theorgp. 2165-2166, vol. 52, no.

CE ; ; ; ; 5, May 2006.
where G2 (R) is the array power gain achieved Wlth[8] T. S. Ferguson, “A Course in Large Sample Theory,” Chapnaah Hall,

only 2 antennas and depends only an and hy. From the 1996.

equation above, it is clear that$F(R) is O(N) for i.i.d. [9] M. Sharifand B. Hassibi, “On the Capacity of MIMO Broast&hannels

fading and DLOS (for i.i.d fadingz \h»|/N N E[\h” with Partial Side Information,JEEE Transactions on Information Theory
Jd.d. i [P » i

. . . 506-522, vol. 51, no. 2, Feb. 2005.
andmax; |h;|/N —, 0 as N — oo). The important result is PP

therefore that, for practical fading scenarios like i.ifading 10Even if 2/ were chosen to be eonventional finite information alphabet

(e.g., QAM,PSK)using the fact that the outer radius 6f(h) increases as

9This is also true for smallV = 2,3, which we are unable to plot here O(v/N) and the inner radius shrinks @ it can be analytically shown that,
due to space constraints. with sufficiently largeN, the array power gain achieved would still & N).
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