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Limited Feedback of Precoder and Bit Loading for
MIMO Systems: A Joint Design

Hung-Chun Chen and Yuan-Pei Lin, Senior Member, IEEE

Abstract—This paper jointly considers limited feedback of bit
loading and precoder. In the past when both precoder and bit
loading are fed back to the transmitter, the feedback rate is often
allocated between the two using an ad hoc approach and code-
books are designed separately rather than jointly. In this paper
we allocate feedback rate in a systematic manner by analyzing
the effect of quantization on transmission power. The analysis
allows us to obtain the rate allocation that minimizes the power
penalty due to limited feedback. As both precoder and bit loading
are fed back to the transmitter, the information embedded in one
can be exploited for the design of the other. To take advantage
of bit loading feedback, which carries valuable information on
the importance of individual subchannels, we employ multiple
precoder codebooks, each tailored to a bit loading vector in the bit
loading codebook. The multi-codebook scheme enjoys significant
gain over the single-codebook case that does not take bit loading
feedback into consideration. Simulations are given to demonstrate
that the proposed system can achieve a very good performance due
to carefully designed feedback rate allocation and joint codebook
designs.

Index Terms—Bit loading, joint codebook design, limited feed-
back, MIMO system, precoder.

I. INTRODUCTION

ECENTLY, there has been considerable interest in multi-

input multi-output (MIMO) systems with limited feed-
back [1]-[9]. It has been demonstrated that the system perfor-
mance can be improved significantly with limited amount of
feedback. Commonly adopted types of feedback information are
precoder, bit loading, power loading or a combination of these
three.

The feedback of precoder information has been the most
studied [2]-[9]. The precoder is chosen from a codebook using
an appropriate selection criterion and the index is fed back to
the transmitter. Codebooks designs for unitary precoders using
Grassmannian subspace packing are developed in [2] for a
number of criteria. An efficient approach to codebook storage
and codeword search is given in [3]. A randomly generated
codebook is proposed in [4] and the required feedback rate can
be computed for a given target spectral efficiency. In [5], the
capacity loss of MIMO systems due to precoder quantization
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is analyzed. In [6], the precoder is selected from the codebook
to minimize bit error rate (BER) and the generalized Lloyd al-
gorithm is used to design codebooks. In the multimode scheme
[7], the number of substreams transmitted can vary with the
channel and bits are loaded uniformly. A capacity maximizing
codebook for the multimode scheme is designed in [8] using
the generalized Lloyd algorithm. A joint design of precoder and
zero-forcing decision feedback equalizer (DFE) for a number
of design criteria is developed in [9].

The feedback of bit loading and power loading have been
considered in the literature [10]-[13]. An efficient algorithm for
per antenna power and rate control is developed in [10]. Suc-
cessive quantization of power loading and bit loading is consid-
ered in [11]. In [12], the receiver feeds back the detection or-
dering for a fixed bit loading. This is equivalent to having a bit
loading codebook that consists of all permutations of a single bit
loading vector. An iterative algorithm for designing antenna se-
lection, bit loading, and power loading to minimize the error rate
is given in [13]. There has also been research on the feedback of
both bit loading and precoder [14]-[16]. A number of optimal
MIMO transceivers with decision feedback and bit loading are
given in [14]. It is shown therein that when full channel state in-
formation is available at the transmitter, these optimal designs
have similar performance. When the feedback rate is limited,
the use of identity precoder combined with the feedback of only
bit loading is proposed. In [15], the ideal unitary precoder is
first decomposed using Givens rotation matrices and the feed-
back rate allocation among the Givens parameters is derived. Bit
loading is incorporated in the multimode scheme to further im-
prove the performance in [16], and both precoder and bit loading
are fed back. The feedback of precoder and power loading are
considered in [17], [18]. In[17], the codebooks of power loading
are designed separately for each mode. Two efficient methods
are developed in [ 18] for parameterizing unitary precoders. It is
shown therein that the feedback of power loading provides only
slight improvement. In [19], the information of power loading,
bit loading and precoder are fed back to the transmitter to max-
imize the transmission rate. As the quantization of bit loading
is not considered, a large feedback rate may be needed. Quanti-
zation of bit loading is proposed in [20] to reduce the feedback
rate.

In this paper, we jointly consider the quantization of both pre-
coder and bit loading for MIMO systems with limited feedback.
As there are two types of information in the feedback, the first
question to answer is: How to allocate feedback resource? This
issue has not been formally addressed in the past. The alloca-
tion of feedback rate is often determined in an ad hoc manner
and the codebooks are usually designed separately rather than
jointly. In this paper, we allocate the feedback rate by analyzing
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the power penalty due to limited feedback and jointly design
the feedback of precoder and bit loading. We first derive the in-
crease in transmission power when precoder is quantized, and
then the additional penalty when bit loading is also quantized.
Based on the analysis, the feedback rate is allocated to minimize
the combined power penalty for a given transmission rate and
target error rate. As both precoder and bit loading are fed back,
the information embedded in one can be exploited for the feed-
back of the other. In particular, bit loading carries valuable in-
formation on the importance of individual subchannels. To take
advantage of bit loading feedback, we propose to use multiple
precoder codebooks, each tailored to a bit loading vector in the
bit loading codebook. We show how to incorporate bit loading
in precoder codebook design for power minimization based se-
quential vector quantization method [18]. The multi-codebook
approach has an edge over the single-codebook scheme as it
better exploits the bit loading information. Furthermore, be-
cause of precoder feedback, we can consider bit loading that is
in nonincreasing order, which effectively reduces quantization
error for the same feedback rate. We demonstrate through ex-
amples that the proposed feedback scheme can achieve a very
good performance.

The main contributions of this paper are summarized as fol-
lows. We analyze the power penalty due to quantization of bit
loading and precoder. Based on the results, we determine the
feedback rate allocation between bit loading and precoder using
a systematic approach. This stands in contrast to earlier works
that consider feedback of precoder and bit loading, in which the
rate allocation is usually determined in an ad hoc manner. We
propose the use of multiple precoder codebooks and incorpo-
rate bit loading in codebook design to minimize transmission
power. The joint design allows us to exploit the information of
bit loading feedback and to achieve a better performance. This
is different from earlier codebook designs, for which precoder
and bit loading codebooks are designed separately, and in most
cases only the design of precoder codebook or the design of bit
loading codebook is considered, but not both.

The sections are organized as follows. Section II gives the
system model for a precoded MIMO system. The feedback
rate allocation between precoder and bit loading is derived in
Section III. The design of precoder codebook is presented in
Section IV. The design of bit loading codebook is discussed
in Section V. The design procedure and codeword selection
criteria are given in Section VI. Simulation examples are shown
in Section VII and a conclusion is given in Section VIII.

Notation: 1) Boldfaced lower case letters represent vectors
and boldfaced upper case letters are reserved for matrices. The
notation AT denotes transpose-conjugate of A.. 2) The function
E[y] denotes the expected value of a random variable 3. 3) The
notation |S| denotes the number of elements in a set S. 4) The
notation ||x|| denotes the 2-norm of a vector x.

II. SYSTEM MODEL

Consider the MIMO communication system with M;
transmit antennas and M, receive antennas in Fig. 1. The
channel is modeled by an M,. x M, matrix H whose entries are
independent and identically distributed circularly symmetric
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Fig. 1. The MIMO communication system.

complex Gaussian random variables with zero mean and unit
variance. The M, x 1 channel noise vector n is additive
white Gaussian with zero mean and variance Ny. The precoder
F is an M; x M matrix with orthonormal columns, where
M = min(M,., M;). The input vector s consists of symbols
80,81,..., 8371 that are uncorrelated, and zero mean. Let
the number of bits loaded on s, be by, then the number of
bits transmitted per channel use is &, = ,}[:61 by.. The total
transmission power F[x'x] is P;, where x is the transmitter
output vector as indicated in Fig. 1. The channel output r is
given by r = HF's + n. The error vector at the output of the
M x M, receive matrix Gise = § — s = Gr — s, where G
is zero-forcing, given by G = (FTH'HF) 'FTH' [21]. The
autocorrelation matrix of the error vector R. = E[eel] is [21]

R. = Ny(FTH'HF) . (1)
A O
00
the M x M diagonal matrix A contains the eigenvalues of HTH
in nonincreasing order, i.e., A\g > A1 > ... > Apr—1,and V is
an My x M, unitary matrix. For a number of design criteria, e.g.,
minimization of transmission power [2], [14], [18], the optimal
unitary precoder has been found to be

Let the eigen decomposition of HTH be V [ ] VT, where

F =V, 2

where Vs is the M; x M matrix obtained by keeping the first
M columns of V. With the above precoder, the kth error vari-
ance is given by
2 _ _ oary -1

oz, = Relpe = NoA ™ 3)
As {A;} is in nonincreasing order, {o2 } is in nondecreasing
order. The optimal bit loading {b;} that minimizes the trans-
mission power for a given transmission rate R is thus in non-
increasing order [14].

In this paper, we consider the limited feedback of precoder
and bit loading. At the receiver, the bit loading vector b =
[bo b1 ... bar—_1] and precoder matrix F are chosen from their
respective codebooks and the indexes are sent back to the trans-
mitter. Suppose By, and By bits are used to represent b and F,
respectively, the total feedback rate is B = By + B¢. The feed-
back rate allocation between bit loading and precoder is consid-
ered in the next section.

III. ALLOCATION OF FEEDBACK RATE

In this section, we allocate the feedback rate between
precoder and bit loading by considering the increase in trans-
mission power due to the quantization of precoder and bit
loading with a high feedback rate assumption. First we analyze
the power penalty when only the precoder is quantized. Then
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we derive the additional penalty when bit loading is also quan-
tized. The results are used to determine feedback rate allocation
between precoder and bit loading.

A. Performance Loss Due to Precoder Quantization

For a given channel, the kth subchannel error variance (fzk

can be computed from (1). The total transmission power for a
given bit loading and symbol error rate (SER) can be expressed
as [14]

M—-1

=T ) (2" - 1), 4)

k=0
where T' = 1Q ! (S£8) and Q(y) = A e 2,
y > 0. When the transmission rate is large, 2% — 1 =~ 2°+,
the total transmlssion power can be approximated as
P, ~ T2 "2%02 . In this case, it is shown in [14]
that for a given transm1ss1on rate Ry the minimized transmis-
sion power with the optimal bit loading is given by

M—1
P ~ MF2R[,/]\[ H Z/WT. (5)

k=0
For the case the precoder is not quantized (i.e., F = Vjy),
we can use rffk = No)\,:1 in (3) to obtain P =
MT2R/M T (NO)\El)l/M. Let 62, be the kth sub-

channel variance when the precoder is quantized. In
this case, the minimized transmission power becomes
ﬁt* ~ MI2R /M Hw Lsl ,/ M A useful approximation
of (33,‘1 is given in the followmg Lemma.

Lemma 1: Consider the case the precoder is a quantized ver-
sion of Vs in (2), F = V7. When the feedback rate By is
sufficiently large and the channel H has full rank, the kth sub-
channel error variance can be approximated as

N —2
(}2 ~ Ng)\lzl ‘V]L‘}k’ i (6)

en

vAvhere v and v are respectively the kth column of V; and
V.

See Appendix A for a proof. Using (6), we have the approx-
imation

M-1 N 1/M
P~ MT2/AM ] (NO/\,;1 ‘vlok‘ )
k=0
M1

. |—2/M
~ P* 5
~ P, H ‘vkvk‘
k=0
. .. P
Therefore the transmission power is increased by 10 log o 7+ =
L

101og1o(TThg " [vi9k] ~2/M) dB. We define the power penalty
due to precoder quantization as

M-1

]\20 Z logy (‘Vivkz)] . (7

k=0

Df=FE
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Lemma 2: Let the entries of the channel H be independent
Gaussian random variables with zero mean and unit variance.
When v, is quantized to ¥, using B,,, bits, the power penalty
of precoder quantization is given by

M- M, —
M1 5B, M2

>4 ey

k=0 =0

_10(M; - 1)

C(M; —2,7)
= In10

-|-1

_Bv,k 7+1
(1_21\1/11) In (1 2\1,1)+

i+l

where C(-, -) denotes the choose function.
Proof: See Appendix B.

B. Performance Loss Due to Bit Loading Quantization

For a given quantized precoder we can compute the
subchannel error variances 62, the optimal bit loading b cor-
responding to &2 .» and the minimum transmission power P*
From [14], we know the optimal bit loadlng {b %} that minimizes
the transmission power satisfies 26k = P* / (]\/f 62 .). Suppose
now we quantize b* to bk (quantization of bk to be discussed
later), the requlred transmission power using the quantlzed
bit loadmg Pf ~ I ZM ! ‘)bkﬁz can be rewritten as Pt ~
FZ” ' 9bi 52 Z(b’*‘ ) = i—’; 2161 2(b« =50)  Hence the
transmission power is increased by o A S T ol b,
Note that P, / Pt is larger than one since Pt is the minimum
transmission power when the quantized precoder is given. We
define the power penalty due to the quantization of bit loading
as

Dy=E

M-1
101og, (% 3 2(””2))] . ©9)
k=0

When the precoder is not quantized, the optimal bit loading {4} }
is in nonincreasing order [14]. If B is large and the quantization
error of the precoder is small, we can assume that the optimal bit
loading {b } is also in nonmcreasmg order. We can verlfy that
the nonincreasing property of {b* } and the fact ), — M- 1 by = Ry
imply that b* are bounded as follows: by min < bk S b mazs
where bk’.ma,:ﬂ = Rb/(k+ 1), 0 S k S M- 1’ b[),min = Rb/Ma
bimin = 0,1 <k < M-1.

Suppose By, 5, bits are used for scalar quantization of ISZ for
1<k<M-—1and f)o is chosen as I3y, — ZQSI i)k to satisfy
the transmission rate constraint. Define the quantization error
0 = by — by It is known that [22], the quantization error &
has a uniform distribution over {(—A /2, AL /2] for 1 < k <
M — 1 when B, j, is reasonably large, where Ay, = (by yas —
bk:mm)Z‘B"”“ is the quantization step size. In this case, we can
obtain an approximation of )y, as given in the following lemma.

Lemma 3: Suppose the quantization error &3 = by, — l;i for
1 € k £ M —1 are independent and uniformly distributed over
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(—=Ap/2,Ar/2] and 6y = — kM 11 81. The power penalty of

bit loading quantization DD, can be approximated by (10) at the
bottom of this page.
Proof: See Appendix C.

Rate Allocation: Starting from the optimal precoder F =
Var and the optimal bit loading, the performance is degraded
by Dy (dB) when the precoder is quantized. When we further
quantize the bit loading, there is an additional degradation of
Dy, (dB). Therefore we can minimize the power penalty by allo-
cating the rate such that the combined penalty D ; 4 Dy, is min-
imized. From (7), we see that the quantization of each v con-
tribute to D in the same manner, so we choose B, = By /M
for0 <k < M —1.For0 < B, < B, we evaluate D¢+ D, for
all possible integer {3y, } that satisfy Z,}I 11 By, = Dy and
choose the one that has the smallest combined power penalty.
For each I3, the number of iterations is C'( B+ M — 2, B;). The
number of iterations for finding the optimal rate allocation is
P O(M—=2+£,£) = C(M—1+B, B), where we have used
the Pascal’s triangle C(n, k) = C(n—1,k—1)+C{n—1, k) for
any nonnegative integer » such thatn > %k > 0. The complexity
is not high for practical cases of M and 3. For instance, when
M =4,BB=8,C(M -1+ B, D) is 165. Having determined
By, we design the bit loading codebook with 25¢ codewords in
Section V.

The expressions of power penalty in (8) and (10) are obtained
with the assumption that I3 is sufficiently large. However, simu-
lations show that (8) and (10) are good approximations of the ac-
tual power penalties even for a moderate 3. In Fig. 2 we plot the
differences between the approximated power penalty computed
using (8) and (10) and the simulated penalty for M,, = M, = 3
and R, = 16. For a given feedback rate I3, we find the optimal
Dy that minimizes the sum of (8) and (10). The optimal B, is
equal to 3, 4, 5, and 6 respectively for the following 4 ranges of
B:(1)DB=8012)9<B<13,314 < DB <19 and (4)
I = 20. For example, for B = 10 we have I3, = 4; the pre-
coder and bit loading are quantized using respectively 6 and 4
bits. The simulated penalty is computed by actually quantizing
the precoder and the bit loading using the above choice of B,
and By, and the penalty is averaged over 10° channel realiza-
tions. The difference between the simulated and approximated
power penalty “D(simulated)— D((8) + (10))” is less than 0.3
dB for B > 12.
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Fig.2. The differences between the approximated and simulated power penalty
for M, = M, =3and R, = 16

IV. DESIGN OF PRECODER CODEBOOKS

As both precoder and bit loading are fed back to the trans-
mitter, we can take advantage of bit loading in designing
the precoder codebook. We propose to use multiple precoder
codebooks, one codebook tailored to one bit loading codeword.
There is no need to inform the transmitter which codebook
has been used due to the feedback of bit loading and each
codebook has 22s codewords. Given a bit loading vector, the
corresponding precoder codebook is chosen to quantize the pre-
coder. The codebooks can be obtained using codebooks designs
for unitary precoders, for example, Grassmannian method [2],
random vector quantization (RVQ) [4], and sequential vector
quantization (SVQ) [18]. Efficient implementation is possible
with SVQ because it decomposes the ideal precoder into some
M unit-norm vectors and these vectors are quantized using M
smaller subcodebooks. (The total number of codewords in the
M subcodebooks is 277 .) However there has been no system-
atic method for rate allocation among the subcodebooks. In the
following, we show how to take bit loading into consideration
and allocate rate assuming a large feedback rate.

110 Ry |
Dy = 10logy, M"’m (hl('“) *Z [m (M2.k Hr, k)
k

+ (’Uﬂl.o + 2#%,0) (Hl,k - Nizlc) +it10 (Qlt%,k — Mok — 1)}

1 3
"ﬁ (13,0 — Bp2, 1k + 2003 }

M-1

Z [M2 011,k (Mg k 1)

M-2 M-1
H1,0 1 ]
+ 2— § E [ul oy [ S SR WA WY e Hl,kﬂl,e} > ;

k=1 (=k+1
(10)
M—1 gnde/2_g-ni,/2 A
_ pionsy ) Le=1 TThA M =1 M-l
where fin = E[2"] =¢ 00 ks b andv = )7, "o M1k
nAL In2 ! 1— i _17
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Suppose we are to design a precoder codebook corre-
sponding to a bit loading codeword b in the bit loading
codebook. Using (6) and (4), the required total transmis-
sion power for a quantized precoder can be approximated as
P, =~ I'Ny ZM Yok — 1))\;1|v}\7j|’2. The transmission
power averaged over the random channel is given by

o M-1 _a
7= Blp] =T Y @0 - g [ E vl .
7=0

1
where we have used the property that the singular values and
singular vectors of a matrix with independent and identically
distributed Gaussian random variables are independent [23] and
ED i) 2 = B UEV
probability one for 0 < j < M — 1 [23], so E[)\j‘l] exists. In
SVQ, the ideal precoder V ;s is decomposed to a set of unit-
norm vectors g, ..., qa -1, where g, is (M; — j) x 1. Let
v; be the jth column of V. The vectors {q;} and {v;} are
related in an iterative manner [18],

n n 1] .
Vo =do, Wi(a;-1)--- Wi(ao)v,; = |:q-:|7 l<jsM-1,
! (12)

I, .
I } and W(qj) is an (M; — j) x

0 Wi(q))
(My — 1) unitary matrix such that q; W(qj) =

where Wi(a,) = |

[10...0].
The columns of W(q7) can be obtained by extendlng q, to
an orthonormal basis for C** 7, where C**~7 is the set of all
complex vectors with M — j elements. They can be computed
in a deterministic approach, e.g., Gram-Schmidt process. We
see that {v;} is an orthonormal set while the unit-norm vectors
do.91," -, 9a—1, of decreasing sizes, My, My — 1,---, M, —
M + 1, are not constrained like {v; } [18]. Let q; be the quan-
tized version of q;. In Appendix D, we show that

vivo =ajde, ViV, mdlq; forl<j<M -1 (13)
when the feedback rate By is sufficiently large. Thus P; be-
comes

2]

where £ [/\;1] can be computed numerically using the proba-
bility density function of A; [24] or using the sample mean esti-
mator [25]. By properly allocate the rate among the subcode-
books, we can minimize the average transmission power P;.
Suppose B(j) bits are used for quantizing q,;. Using deriva-
tions similar to those in Lemma 2, we can obtain

PimTNy Y (2% —1)E [N E {

j=

qld; (14)

M-1

PimTNo > (2

7=0

s =0 _m)
L ) -m(1-2m .
K—Mt‘f'j ( )

My —j
[ 3
=2
(15)

-0z ") (20—
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The optimal rate allocation By(0), B;(1),...,By(M — 1)
that minimizes P, can be obtained by using an exhaus-
tive search of all possible nonnegative integers B(j) such
that > JwOle( j) = DBy. Using an approach similar to
that in Section III, we find the number of iterations to be
C(M + By — 1, By), which is a small number for practical
cases of M and By. Having decided the rate allocation among
q,, the subcodebooks for quantizing q; can be designed using
the generalized Lloyd algorithm as in [26]. For each of the
28+ bit loading codewords, we can design the corresponding
precoder codebook using the above method.

V. DESIGN OF BIT LOADING CODEBOOK

For a given bit loading codebook size, we can generate the
28+ codewords using the generalized Lloyd algorithm, e.g.,
[20]. However, applying the general Lloyd algorithms directly
to all the training data does not take mode, i.e., the number of
substreams transmitted into consideration. When we perform
the second step of the algorithm—computation of centroid, bit
loading vectors of different modes are averaged, which often
results in slow convergence or no convergence at all. Such a
problem can be avoided using classified vector quantization
(VQ) [22] in the VQ literature. In this case, the bit loading
codebook B is a union of smaller subcodebooks, 5 = Ut\il B;,
where B; is the subcodebook for the ith mode, i.e., exactly i
substreams used for transmission, 1 < ¢ < M. Then the gen-
eralized Lloyd algorithm is applied to obtain B;. As there are
subcodebooks, we need to address the issue of rate allocation
among the subcodebooks. In the following we show how to
allocate the rate to minimize quantization error.

Let us first analyze the quantization error from each mode.
For the :th mode, only the first ¢ entries are nonzero and we only
need to consider the quantization of these entries. In this case,
the bit loading vector b is of the formb = [b(] .. b 10000
Let b be the quantized version of b. As k 0 bk = R;,, we
only need to quantlze by to b for 1 < k < 4 — 1 and choose
b(] = Ry — Z b1 bk Let m; be the number of quantization
levels for scalar quantization of by, for 1 < &k < ¢ — 1. Then B;
contains 7 ' codewords and thus Zﬂfl me T =25 We can
find the upper and lower bounds of by, to obtaln the quantization

dynamic ranges. In particular, in the ith mode, bk )mm < b <
by 0 for i = 1 and b§jmm < < b L for2<i<M

where b(()zmn = Ry/i, bk,min =0forl < k < i-1,
and b,E )mm = Ry/(k+ 1) for0 < k < i — 1. The error
Sp = by — by for 1 < k < i — 1 satisfies [5z] < AlY/2,
where A,(? (b,E )mm - bi ),mn)mi‘l. When the number of
quantization levels is sufficiently large, it is reasonable to as-
sume that §; are independent and uniformly distributed over

(- A,(:) /2 Au)/?], for1 < k < i — 1, with variance [22]

% =1 (A( ))

L/ i 2
= E (bl(c.)ma;u - bge )'mi'n> m

As by = Ry, — Zf:ll bi,, we have 85 = — Z/;:ll by therefore
z - o3, when 6 are independent. Define the average

J2 for1<k<i—1. (16)

O'é():
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. . . i—1
quantization error for the ith mode as &, ; = + 3,7, o3,. To

compute the overall average quantization error of all modes, we
need to take into account that the modes are not used with equal
probability. Suppose the ¢th mode is used with probability P;,
where F; can be computed using training channels. The overall
average quantization error is

M M

2

&= E P&y, = E Pieym; =,
i=1 i=1

2
bomaz — Phomin) - The optimal rate al-
location among the subcodebooks can be obtained by solving

where ¢; = & S0 75 (08— p”

M
minimivze Z Picim;2
i=1
M
subject to Z mfl <285 and 0< m,ffl <A;, U7
i=1

where A; is the maximum number of possible codewords in 13,
i.e., the number of all nonincreasing integer bit loading vectors
that have exactly ¢ nonzero entries and the sum of the entries is
equalto R,. When 28 > Z,‘il A;, we can choose m'ﬁ‘l = A;,
forz = 1,..., M. Hence we only need to consider the case
when 28 < "M A, We can use the Karush-Kuhn-Tucker
(KKT) condition [27] to solve such a problem. Let 1 = {i :
mit = A;}and So = {i:m! ™t < A;}. The optimal m! ! is

given by (proof given in Appendix E)

i—1
. 2P, Ci 1 N
mzfl = max | min 40 LA 1,0, (18)
v(i—1)

where v is the real root of

D ies, (?P—f)y‘) ot Yies, Ai — 2P = 0 for the
given &7 and Ss. The set &1 and S can be iteratively solved
as in [27]. The solution of rate allocation given by (18) is not
an integer in general. We can quantize it to an integer using
the method in [28].

For the design of B;, we first generate a set of training chan-
nels, which are classified into different modes as follows. For
each training channel, we compute the quantized precoder (as
in Section IV) for every possible mode and compute the corre-
sponding optimal bit loading vector as in [14], [20], [29]. We
then choose the pair of precoder and bit loading that minimizes
the chosen criterion, e.g., transmission power, or bit error rate.
Collect all the bit loading vectors associated with the ith mode
together in one set 7;. The codewords in B3; are then designed
by applying the generalized Lloyd algorithm on 7;. The gen-
eralized Lloyd algorithm iterates the following two steps: (1)
Given a codebook B; = {bg)7 k=1,2,...,|B} for the ith
mode, where |5;] denotes the number of vectors in B;. Deter-
mine the partition cell R,(;) corresponding to the £th codeword
b inB;byRY = {w e T, : |w-bY| < |w-
b?)H,Vj # k}, for k = 1,2,...,|B;|. (2) Given a partition
{72,(:), k=1,2,...,|B;}, the new codeword bgj) is chosen as
the arithmetic mean of the vectors in RS). The above two steps
are iterated until the average mean square error is below a given

unique  positive
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threshold or when there is little improvement. The codewords
generated in this way are real-valued; like rate allocation ob-
tained in Section III they can be quantized to integer codewords
using the method in [28].

VI. DESIGN PROCEDURE AND CODEWORD SELECTION

The procedure of designing codebooks for the precoder and

bit loading is summarized as follows:

1) Compute By and B¢ using the method in Section III.

2) Generate a set of training channels, and compute P;, i.e.,
the probability that the sth mode is used.

3) Determine the rate allocation among the bit loading sub-
codebooks using (18) and design the subcodebooks using
the generalized Lloyd algorithm given in Section V.

4) For each vector in the bit loading codebook, compute the
rate allocation for the precoder subcodebooks using (15)
and design the subcodebooks using the generalized Lloyd
algorithm in [26].

During the course of transmission, a precoder and bit loading are
chosen from their respective codebooks for the given channel,
and their indexes are fed back to the transmitter. Let the code-
words in the bit loading codebook Bbe by, &k = 0,1,...,25 —
1 and G(b, F) be a given objective function, e.g., total transmis-
sion power, bit error rate. We consider two codeword selection
criteria.

o Selection criterion 1: We first compute the eigen decom-
position of HTH to obtain the unitary matrix V7 in (2)
and the corresponding unit vectors qg, q1, .- ., qa7r—1. For
each bit loading vector by, in the bit loading codebook, we
quantize {q; }! using the associated precoder codebook to
obtain the quantized precoder F.. Compute G (b, Fy.), for

=0,1,...,25 — 1 and the pair with the smallest objec-
tive value is chosen.

e Selection criterion 2: For each by, in BB, we use the asso-
ciated subcodebooks for q; to construct all 257 possible
quantized precoders, and call the collection F;. Then
we find the best pair of bit loading and precoder for

min  min G(by, F). For a given bit loading vector,
0<k<28s ~1 FeF;

the unit vectors {q;} are quantized directly with the first
criterion. With the second criterion we search among all
281 quantized precoders to find the one that minimizes the
objective function; the objective function is evaluated 27
times and the complexity is similar to that in [6], [9], [20].
With the first criterion, the objective function is computed
only 2P times and the complexity is roughly 1/25/ that
of criterion two. The first one has a lower complexity but
the second one enjoys a better performance.

Remark: In the derivation of feedback rate allocation, the re-
ceiver is assumed to be linear. After the rate is allocated and
codebooks designed, we can still replace the receiver by a de-
cision feedback receiver. With the aid of decision feedback, the
performance of the proposed limited feedback system can be
improved significantly (to be demonstrated in the next section)
although the rate allocation and codebooks have been designed
for a linear receiver.

IThree types of encoding schemes for {q;} were proposed in [18]. We use
encoding scheme B in [18] here.
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Fig. 3. Example 1. Bit error rate performance of multiple precoder codebooks
and a single codebook.

VII. SIMULATIONS

In the following examples, the elements of channel matrix H
are independent complex Gaussian random variables with zero
mean and unit variance. The precoder and bit loading are chosen
to minimize bit error rate. We have used 10° training channels
for designing codebooks of bit loading and precoder, and 10°
channel realizations for BER simulations. The power is equally
divided among all symbols carrying nonzero bits. The receiver
is linear and zero-forcing in Examples 1-4, and a decision feed-
back receiver is used in Example 5. For a given rate allocation,
the precoder codebook and bit loading codebook are designed
as described in Section IV and Section V, respectively.

Example 1. Multiple Precoder Codebooks: InFig.3, we com-
pare the multi-codebook and single-codebook schemes for pre-
coder codebook designs with M, = M, = 4 and ), = 16.
For B = 8§, the optimal feedback rate allocation obtained using
the method in Section Il is (B, B,) = (4, 4). Selection crite-
rion 1 in Section VI is used. We show the results of two types of
multi-codebook design for the precoder. In the first one (labeled
as “multi-codebook (bit loading)” in Fig. 3), one precoder code-
book is designed for each bit loading as discussed in Section I'V;
there are a total of 25¢ codebooks for the precoder. In the second
multi-codebook scheme (labeled as “multi-codebook (mode)”
in Fig. 3), we have only one codebook for each mode. For the
ith mode, we solve (15) to obtain rate allocation among {q;},
assuming data bits are uniformly loaded on all ¢ substreams.
For both multi-codebook schemes, the receiver does not need
to inform the transmitter the codebook used as the transmitter
can obtain the information from bit loading. In the single-code-
book case, a fixed rate allocation is used for {q; }, independent
of mode and bit loading. For this case, we solve (15) with the
assumption that data bits are uniformly loaded on all M sub-
streams. The same bit loading codebook is used for all three
cases in Fig. 3. The single-codebook scheme is the worst be-
cause the feedback bits are allocated in a fixed manner even if
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Fig. 4. Example 2. Comparison of the two selection criteria for different feed-
back rate 3.

some substreams are not loaded with bits. The two multi-code-
book schemes enjoy significant gain over the single-codebook
scheme. The gain of bit-loading-dependent codebook scheme is
around 3.2 dB at BER = 1077,

Example 2. Selection Criteria: Fig. 4 compares the BER of
the two selection criteria introduced in Section VI for M, =
M, = 4 and I}, = 16. With the first criterion, vector quantiza-
tion is applied directly on {q; } for each bit loading vector while
an exhaustive search among all 257 precoders is performed in
the second case. For the same feedback rate B, we use the same
precoder and bit loading codebooks in Fig. 4; only the selec-
tion criteria are different. When the feedback rate increases, the
degradation of using the low-cost criterion 1 becomes smaller.
For example, when B = 5, the gap between the two criteria
is around 3.3 dB at BER = 10~* and it narrows to 0.8 dB
when B = 8. For a large B, criterion 1 can be used to reduce
complexity at the cost of a small performance loss. For a small
B, it is worthwhile to use criterion 2, for which the number of
searches 22 is small.

Example 3. Feedback Rate Allocation: We demonstrate the
importance of proper feedback rate allocation between precoder
and bit loading in this example for M, = M; = 3 and I}, = 15.
Selection criterion 1 in Section VI is used. For B = 5, the op-
timal rate allocation is (By, By) = (3,2) using the method
in Section IIl. In Fig. 5, we show the BER for all possible
(By, By) such that By + B, = B. We see that the rate al-
location (B, By) = (3,2) gives the best performance. For
example, at BER = 1075, (B¢, B;) = (3,2) is better than
(By,By) = (4,1) by around 2.1 dB. The performance is sen-
sitive to rate allocation; by moving one bit from B to 3 the
performance can differ by 2.1 dB. In the case (B, By) = (5,0),
all feedback bits are used for precoder feedback and the bit
loading is a fixed vector. Two cases of fixed bit loading are
shown, a nonuniform one [8 7 0] and a uniform one [5 5 5].
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Fig. 5. Example 3. Bit error rate performance for all different feedback rate
allocations when B = 5.

The fixed nonuniform bit loading is obtained by using the gen-
eralized Lloyd algorithm in Section V with only one codeword;
the performance is considerably better than that of uniform bit
loading. Therefore the design of bit loading is particularly im-
portant when B;, = 0.

Example 4. BER Comparisons for Linear Receivers: In this
example we show the BER of the proposed method and other
limited feedback systems with a linear receiver for M, = M, =
4, R, = 16, and B = 8. The feedback rate allocation com-
puted using the method in Section Il is (B, By) = (4,4).
The precoder system [6] feeds back the index of the precoder
in the codebook and data bits are uniformly loaded on all M
substreams. In the multimode (MM) precoding system [7], the
constellation on all substreams are the same, but the number of
substreams transmitted can vary with the channel. The modi-
fied multimode precoding in [16] improves the performance of
MM in [7] by introducing additional feedback of nonuniform bit
loading. The feedback of bit loading only is proposed in [20]; the
precoder is allocated zero feedback bit. The results are shown
in Fig. 6. The systems that allow the number of substreams to
vary enjoy a better performance. At BER = 10, the gap be-
tween the proposed system and other systems is around 1.5 dB
when selection criterion 1 is used and around 2.3 dB when se-
lection criterion 2 is used. By judicious allocation of feedback
rates and joint consideration of precoder and bit loading feed-
back, the proposed system can achieve a better performance. As
abenchmark, the performance of the case B = o0 is also shown,
in which the precoder F = Vj;, and the optimal positive bit
loading is used. With 8 bits of feedback, the performance of the
proposed system with criterion 2 is around 3 dB away from the
curve “B = oc” at BER = 1074,

Example 5. BER Comparisons for Decision Feedback Re-
ceivers: We show the BER of the proposed system with a deci-
sion feedback receiver in Fig. 7 for M, = M, = 4, ) = 16,
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Fig. 6. Example 4. Comparisons of BER for systems with linear receivers for
D =8.

and B = 8. We use the feedback rate allocation and code-
books designed for a linear receiver. With B = 8, the proposed
method with criterion 2 is very close to the curve “B = oo”
that we have shown for a linear receiver in Fig. 6. For com-
parison, we have also shown the BER of the decision feedback
systems in [9], [12], and [14]. In [12], the detection ordering is
fed back to the transmitter. The required feedback rate is a fixed
number log,(M;!) bits; which is around 7 bits in this case. The
QR-based system in [14] feeds back the index of bit loading.
We constrain by, in a manner similar to that in [14] to satisfy the
given feedback rate: by, are integers such that by > 2, by > 2,
by > 2,b3 > 0,and by + by + b + bs = Ry. The number
of bit loading vectors is 286, which requires log, 286 =~ &
bits. The system proposed in [9] feeds back the index of the
optimal precoder in the Grassmannian codebook of 256 code-
words for uniform bit loading. Due to the restriction of parame-
ters (M; > M) in [9], we have increased the number of transmit
antennas M, to 5 in the simulation for [9] and the other param-
eters remain the same. We can see that the proposed system is
able to achieve a smaller BER than those that do not consider
the feedback of precoder and bit loading together.

VIII. CONCLUSION

In this paper, we have jointly considered the feedback of both
precoder and bit loading for MIMO systems. We have devel-
oped a systematic approach to designing feedback rate alloca-
tion between precoder and bit loading by analyzing the power
penalty due to quantization. As bit loading carries information
on the importance of individual subchannels, we proposed to use
multiple bit-loading-dependent codebooks for the precoder. The
use of multi-codebook design yields significant gain over the
single-codebook design. There is no need of informing the trans-
mitter which codebook has been used because of bit loading
feedback. The code rate of each precoder codebook is equal to
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Fig. 7. Example 5. Comparisons of BER for systems with DFE receivers for
B =58

the full feedback rate allocated for the precoder. The joint con-
sideration of feedback of precoder and bit loading leads to a very
good performance compared to systems that design the feed-
back of bit loading and precoder separately.

APPENDIX A
PROOF OF LEMMA 1

When the precoder isF =V, M tlhe error autocorrelatlon ma-
trix in (1) is R, = NO(VUVM) AN (Vi V) if H has
full rank. ExpressVMV A7 as VU\A/' m = DI +E), where D
is a diagonal matrix with [D]; = vkvk, k=0,1,....M -1,
I,; is the J\ﬁf >< M 1dent1ty matrix, and the matrix E is given by
[Elx; = vk /Vka when & # j and [E]zr = 0. When By
is large, the quantization error is small, i.e., v,LVJ ~ 0,k #j.
Thus [E]i; = 0,Vk, 7. It is known that [30] we can write (I +
E)!asapowerseriesinE,i.e., (Iy;+E)~! = Z;i[)(—l)jEj
when ||E||r < 1, where ||E||r denotes the Frobenius norm of
E. As the elements of E are small, we have the appr0x1{na-
tion (Iy; + E)~! =~ Iy — E. It follows that (V M,V u) =
(In; + E)'D"! &~ (I;; — E)D ', Thus we have R, =~
No(Iyy—E)D'A'D (I, —E! ).Notlce that DA~ ‘D~
is a diagonal matrix, and the diagonal elements of E are equal
to zero, so [ED 'A D], = [D'A 1D*‘E‘lkk = 0.
Therefore the k£th subchannel error variance a = [R.];, can
be written as

= [Rel = No (|[D]kk| A+ [1fED A WH)

(19)
where 1y, is the kth standard vector with [1], = 1 and [1x], =

0 when 7 # k. The jth element of 1,tED71A—1/2 is equal to
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zero when j = k, and equal to A;l/QvL\?j/(vzﬁfkv;\Afj) when

+ 2
Jj#k,so ||1,LED‘1A71/2|| can be expressed as

-1

2
2 5. Al
Hl,‘CED‘lA’l/QH = A )
=07k | VEVE ’v;‘ifzj

Substituting (20) to (19), and using |ka€7]'| /= 0, we have the
approximation in (6)
APPENDIX B
PROOF OF LEMMA 2

The power penalty due to precoder quantization in (7) can be
rearranged as

M-1

1()
Dy = Z E [logw ’vkvk‘ } . @1

It is known that each vy, is uniformly distributed over the M} -di-
mensional space {u € C : ||u|| = 1}, where C** is the set
of all complex vectors with M; elements [23]. When B,,, bits
is used to quantize vy, to v, the probability density function of

|Vka| can be approximated as [26]
f|v‘tok|z(ax) ~ 280 (M, — 1)1 — 2)™ 71y, 1) (2),
where 0 < 7 < 1, e = 2 B/ (Mi=1) apq 1z(x) is the in-
dicator function, which is equal to 1 if z in the interval 7 and
zero otherwise. With the aQbove pdf approximation, it can be ver-

. f 1

ified that Elogq [vi o] ] 2250 (M, = 1) [|_ logyy x(1 -
a)Mi— 2dL Using binomial expansion, we have (1 — ) =2 =
ZM’ > C(M, — 2, j)(—=z). Using integration by parts repeat-
edly, we obtain

28 (M —1) &7

2 .
B s ] =0 3 [vonn-z
7=0
(1 -6 In(l—e) 1-(1- ek)j'*'l)]
( j+1 BRI - @

Substituting (22) to (21) leads to (8).
APPENDIX C
PROOF OF LEMMA 3

The power penalty due to bit loading quantization in (9)
can be written as D, = 10log;a M~ + lnl(l)OE[ln( (z)),

where g(z) = In(zo + 21 + ... + 2ar1), 2x = 2%
and z = [40 21 ... zpr-1). Consider the Taylor series of
9(z0, 21, ..., 2ra—1) about the mean (@1 0. 41,1, -+, H1.0—1)>
where p1, = F[2°%] as defined in Lemma 3. Using
the 3rd order Taylor approximation [31], we have
(23), shown at the bottom of the next page, where

v = Zk 0 /.Ll k, (v are nonnegative integer and

ap! denotes the factorial of . It can be verified that
ogteat...to B M—1

geoter M—1g(z) :(_1)( 1+Zk:o ak)(_l +

N0 1 o FAT—1
0z, 0z, ...dzll

zZ=a



6100

M—1

Z;:/‘[:Bl ag o™ 2i—0 ™. The expectation of (23) is (24),
shown at the bottom of the page. Let us examine the second
and third terms on the right hand side (r.h.s.) of (24). As z; and
z¢ are independent for j # £ and j,¢ # 0, we have E[(z; —
pi1,5)% (ze — pa,0)™] =El(z5 — p1,;)™]El(ze — pa,e)™] = 0
when «; = 1 or &y = 1. So the second term on the r.h.s. of
(24) can be simplified as

M-1 R
21}2 Z E Z]g*/lll lc +U_2 Z E [(ZO_Nl,O)(zk_Ml,k)]
k=1
| M- o M
- 1,0 _
== 2 (mew =il ) + 52 Y (ma —mt) . @)
k=0 k=1
where we have used the facts that B[z, '] = pig, p1o =

Hj\jll H1,5 and thus E[Z()Zk] = lLl,(]/Nl,k for k ;ﬁ 0. Simi-
larly, fori # 4,5 # £,4, 5, # 0, we have E[(z; — pi1,:)" (7 —
p1,5)% (20 — 1)) = 0when oy, = 1,5 = 1, 0rap = 1.
Thus the third term on the r.h.s. of (24) becomes

M1 1 M-1
31)3 Z E (21 — m1.2)°] t 3 S (E[(Zo — p10)?
- h—1
(21 — 1)) + E [(20 — p1.0) (20 — p11.0)°] )
o M—2 M-1
3 >3 El(z0 — o)z — pap)(ze — pae)] -
k=1 f=k+1
(26)
Using Elz3zr] = oo k/t2ks FElz0zi] = pio, and

Elzozkze] = paro/(paepre) fork # £, k, £ # 0, (26) can be
expressed as
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Substituting (25) and (27) to (24), we obtain 1) in (10). For any
nonnegative integer n, it can be verified that pu,, , = E[2}] =

o M[zm 12 9 82 for1 < k < M — 1. Thus pin o =
H/ 1 ,Un[ = ‘i ! =y lnz[gnAeﬂ 2*”&/2].
APPENDIX D

PROOF OF (13)

Using (12), the jth column of the quantized precoder Vs can
be obtained from quantized qq, . . ., ,Qarr—1 as

‘A/O :élOa

N N . 0 .

Vi =W(qo) - W(q;-1) [61}’ 1<j<M-1. (28)
¥l

Using (12) and (28), we have V[Jg\?g = qI,qo and

1 .~ To
Vi = o qf U;-IUj_lLi_]., l<j<M-1. (9
J

J

where U;.1 = W(qq) ---W(q;-1) and TAJ:,»_l =
W(do) - W(q;-1). Let us use Gram-Schmidt process
to obtain W(q,) from q; and W(q;) from §;. Let
A(q]‘) = [qj 1, ... ]_A[l:\.j,l] be an (Mj - J) X (.]\/[f - J)

matrix. We can obtain W(qg;) and W(qg,) by applying
the Gram-Schmidt process to A(q;) and A(q;) respec-
tively [30]. Let the kth column of W(q]) and W(q])

be W](Cj) and W(’) respectlvely We have W(()) = q;. Let
tgj) =1, — (1T (J)) (). Then W](j) _ t;(f)/Hts;")H

forl < k < A[t — j — 1. In a similar way, we can ob-
) from d(j ) When B + 1s sufficiently large, we have

~ qj, Le., wé” = w(()i), which implies t (]) ~ t(7)
||t(J)H R ||t(])|| and thus Wi ~ wl/). Using a similar ap-

o~ W(,7) for2 < k < M, — j — 1. Defining

tain W

proach, we get w,’

ot Fapy-—1=2 k=0

o i &, = W(q,) - W(qj), we can write
1 12,0 ~~f Bk N .
503 Zugk—?,ugkmwrmu}p Z(N—k—mk W(q;)=W(q,)+®;,j=0,1,..., M—1, (30)
k=1
%2, M— 1o M-1 where the entries of ®; are small. Using (30), the matrix
,03’ Z(Nl,k - 11/1—,;1‘.,) + 'u?; Z (203 p— 2k — 1) U;ilUjfl can be expressed as
k=1 k=1 A , .
2 Moz M1 Ul U =Ty, +Q V40V 0+ op0f Y G
+ Z Z(/l k/lu Hy k/llz #h, ku” + H1 k,Ul()- _
v’ y(7—1) _
k=1 t=k+1 where Q =
Q7) Wi(qj-1)- W (qe) @ W (Grr1)W (Qrs2) - W(Gj-1),
(2) ~ In(v) 2 K‘ﬁ - mm) T
g(z) = In(v) + T T i ) (23)
cob b1 =1,2,3 0 ! 0zy° 0z . dz\ —a
1 Mlzk_lllk o 9 M’le_ulk o
Elg(z) =)+ — B > H ol + 5k > H -~ (24)

ag+...fay-—1=3 k=0
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for 0 < k < 7 — 2 and 951:11) = WT(qA,,_l)(I)j_l.

Substituting (31) to (29), we get

— W q7+§[ } L {qg}'

(32)

When the entries of ®,. are small, so are those of Q,(fj D Thus
we have V}\A/j ~ q}qj forl <j<M-1.
APPENDIX E
PROOF OF (18)

We can use KKT condition to solve the problem in (17).

Let m] be a local minimum. There exist constants v, m,
r¢ > 0 such that 1) dgL [ M qum/ + 1/(2}”177[ _
M _
2Bb)+2£ 177/(m£ — Ay) +Z ’%/mg )“mz:m;‘ =0.
2) V( i\/il 7’5 ! 2Bb)|’ln&,:"n;‘ = (] 3) 77‘1'(7”’;—1 -
A,L-)|,,,“:,,L§ = 0.4) —x;m |,,,”:,,L: = 0. Solving con-
dition 1, we have
-3 - i-2 - t—2 . i—2 __
—2P;e;m (i —1ym: " (e—1)m; "=k (i—1)m; ~ =0.

(33)
Suppose ¥ = 0 in the above equation, we obtain 7; =
(2Pic;m® + ki(i — D)mi=2)/((i — 1)mi™?) > 0, which
means mi‘l = A; for all i. This contradicts the condition
28 < ZM Ay, hence v > 0 and condition 2 becomes

M

2 mi =20 (34)
From condition 3, we have mTl = A, if n; > 0. Thus con-
dition 4 implies x; = 0. If x; > 0 in condition 4, we have

i—1 _
m; =

ri = 0, (33) implies mi = (225) ™

0 and hence 7; = 0. Note that when 7; = 0, and

1
L ..
. Combining con-

ditions 3 and 4, we obtain the optimal mi‘l given in (18). To
obtain the constant 1/, we substitute the optimal m',ﬁ‘l to (34),

() 5

tES2 €S,

=28, (35)

We only need to solve v when |Sz| # 0. Let p be the lower
common multiple of the set {¢ + 1 : ¢ € Sy}. Defining y =
(1/1)1/?, then (35) becomes a polynomial of y

t—1
v (2T
7 —1

€Sy

Such a polynomial has only one positive real root and the so-
lution of v is unique. This can be shown using sign variations
[32], the definition of which is given in the following for com-
pleteness. Let aq, a1, ..., a, be a finite sequence of real num-
bers. Suppose there are & nonzero numbers in the sequence,
@jy, U4y s - -+, G5, . The number of sign variations in the se-
quence, denoted as var(ag, a1, .. ., @y ), is the number of pairs
(@j,,a5,,)suchthataja;,_, <0fori=0,... k—2[32].

Lemma4: [32]Leth(x) = ag+arz+. . .+a,z™ be apolyno-
mial with real coefficients and a,, > 0. Ifvar(ag, a1,...,a,) =
1, then A(x) has exactly one positive real root.

+ Y A —2% =0

1€S

(36)
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Observe that the constant term ;s — 2B in (36) is
negative because the number of codewords is equal to 25 and
|S2| # 0. Therefore, (36) is a polynomial equation with pos-
itive coefficients except for the constant term. The number of
sign variations in the sequence formed by the coefficients of the
polynomial in (36) is equal to one. Thus given &7 and Sy, the
polynomial has exactly one positive real root and the solution
of v is unique.
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