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ABSTRACT

Currently evolving wireless communication systems (e.g.

LTE-A, WiMAX) are based on linearly precoded MIMO

OFDM and utilize adaptive modulation and coding to adjust

the code rate and modulation alphabet to the current channel

conditions. For this purpose the transmitter requires channel

knowledge, which is provided by means of receiver feedback,

utilizing the rank, precoding matrix and channel quality in-

dicators. This work presents algorithms for computing these

feedback values. Our algorithms choose the rank and precod-

ing matrix indicators to maximize the estimated user through-

put, whereas the channel quality indicator is chosen more con-

servatively to satisfy a given upper bound on the block error

ratio. We demonstrate the performance of the proposed algo-

rithms by means of link level simulations and comparison to

theoretical bounds on the achievable throughput.
Index Terms— LTE, WiMAX, Link Adaptation, Feedback,

Precoding, MIMO

1. INTRODUCTION

Multiple Input Multiple Output (MIMO) Orthogonal Fre-

quency Division Multiplexing (OFDM) is the basis of prac-

tically all modern standardized high performance wireless

communication systems, e.g. 3GPP’s Long Term Evolution

Advanced (LTE-A) and IEEE’s Worldwide Interoperability

for Microwave Access 2 (WiMAX 2). Furthermore these

systems employ Bit Interleaved Coded Modulation (BICM)

to adapt the code rate and modulation alphabet to the cur-

rent channel conditions. To increase the spectral efficiency,

code book based unitary precoding is supported. Because

the transmitter does not have the necessary channel knowl-

edge to exploit these features, feedback from the receiver is

required. For this purpose three feedback values are typi-

cally utilized. The Rank Indicator (RI) and Precoding Matrix

Indicators (PMIs) are employed for MIMO pre-processing.

They choose the appropriate transmission rank and precoders,

to achieve high spectral efficiency. Additionally, the Channel

Quality Indicator (CQI) is employed to signal the supported

Adaptive Modulation and Coding (AMC) scheme to achieve
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Fig. 1. System architecture of a modern wireless communi-

cation system.

a target Block Error Ratio (BLER), given the current channel

conditions. Figure 1 shows a schematic of the considered sys-

tem architecture as it is employed in LTE-A and WiMAX 2.

In order to maximize the throughput of a user, sophisticated

algorithms to compute the feedback indicators are required.

We propose algorithms that utilize Mutual Information Effec-

tive SNR Mapping (MIESM) [1] to estimate and maximize

the achievable throughput of a user. This work is based on re-

sults we previously obtained for Long Term Evolution (LTE)

[2]. We generalize and extend this work and improve the esti-

mators, especially for large antenna configurations as utilized

in LTE-A (up to 8× 8) and WiMAX 2 (up to 12× 12).

In Section 2, we introduce the employed system model.

Next, in Section 3, we derive the optimization problem for es-

timating the User Equipment (UE) feedback indicators. Due

to the high complexity of the solution of this optimization

problem, we derive simplified sequential algorithms in Sec-

tion 4. Afterwards, we apply the proposed sequential al-

gorithms to an LTE-A compliant system by means of link

level simulations, utilizing the Vienna LTE Link Level Simu-

lator [3]. Furthermore, in Section 5, we compare the perfor-

mance in terms of achieved throughput to theoretical through-

put bounds derived in [4]. We partly adopt LTE notation as

we mainly focus on that system.

2. SYSTEM MODEL

We consider linearly precoded MIMO OFDM systems utiliz-

ing BICM, as shown in Figure 1. OFDM divides the total



system bandwidth into K orthogonal subcarriers. Further-

more, a temporal frame structure is superimposed onto the

individual OFDM symbols for signaling purposes. In LTE

14 OFDM symbols are combined to a subframe of 1 ms du-

ration. In that way a time-frequency grid of OFDM samples

or Resource Elements (REs) is spanned onto which the user

data is mapped. The number of REs per subframe is denoted

as R and r indicates a specific RE. Multiple access is han-

dled by means of Orthogonal Frequency Division Multiple

Access (OFDMA), separating individual users by assigning

orthogonal REs.

In order to adapt the transmission parameters to the current

channel conditions, the transmitter requires Channel State

Information (CSI). This is provided by means of the CQI,

PMI and RI feedback from the receiver.

In a MIMO system multiple parallel data streams (layers)

can be transmitted. In general each layer has different chan-

nel quality. It follows that the supported AMC scheme on

each layer is different as well. For that purpose multiple code

words are employed to allow different AMC schemes on the

individual layers. In LTE-A the number of code words is re-

stricted to two, whereas the number of spatial layers can be up

to eight, requiring one code word to be mapped onto multiple

layers. The set of layers belonging to a code word c is de-

noted Lc. The supported AMC scheme is signaled by means

of the CQI. Therefore individual CQIs are required for each

code word. Furthermore, the system architecture of Figure 1

implies that the same AMC scheme is utilized on all of the

assigned resources. Nevertheless, it can be beneficial to pro-

vide time-frequency selective CQI feedback in order to allow

for sophisticated multiuser scheduling [5]. For that purpose

the total of R resources is divided into S subbands and CQI

feedback is provided for each subband s ∈ {1, . . . , S}. The

set of REs belonging to subband s is denoted Rs. We define

a surjective mapping ρ : {1, . . . , R} → {1, . . . , S} assigning

each RE r to the corresponding subband s. In LTE the min-

imum size of a subband is equal to a Resource Block (RB)

consisting of 12 subcarriers and 14 OFDM symbols.

The preferred number of spatial layers L (called rank) is

signaled by means of the RI. The same rank is employed on

all assigned resources. In order to exploit the potential MIMO

gains, MIMO preprocessing of the data symbols is required.

LTE restricts this MIMO preprocessing to multiplication of

the data symbols with a unitary precoding matrix, chosen

from a finite code book. The PMIs are utilized to signal the

favored precoders. Depending on the setup of the considered

communication system, different precoders can be employed

on different subbands or one single wideband precoder is ap-

plied on all resources. We catch both possibilities by defining

the precoder for subband s, denoted Ws, as the product of a

wideband precoder W(1) and a subband precoder W
(2)
s :

Ws = W(1)W(2)
s . (1)

This notation is especially suitable for the eight transmit an-

tenna code book of LTE-A. Here, a precoder is indicated with

a two value index. As shown in the 3GPP RAN document

[6] this code book can equivalently be written as the product

of a wideband and a subband precoder, each stemming from

individual, rank dependent code books W
(L)
1 and W

(L)
2 . Oth-

erwise, we identify one of the two code books with {1}, de-

pending on whether wideband or subband precoder feedback

is considered.

Assuming Nt transmit and Nr receive antennas, the input-

output relation on RE r is given by:

yr = HrWsxr + nr, r ∈ {1, . . . , R}, s = ρ(r). (2)

Here, Hr ∈ C
Nr×Nt denotes the channel matrix. The

transmit symbol vector is denoted xr ∈ aL×1 and nr ∼
CN

(
0, σ2

n · INr

)
refers to the white Gaussian receiver noise.

Furthermore, a denotes one of the supported modulation al-

phabets A (e.g. 4/16/64 QAM). For the transmission rank L

holds the inequality L ≤ Lmax = rank(Hr).
With a linear equalizer filter Fr ∈ C

L×Nr at the receiver,

the post-equalization symbol vector rr ∈ C
L×1 is given by:

rr = Fryr = FrHrWs
︸ ︷︷ ︸

Kr

xr + Frnr. (3)

Then the post-equalization Signal to Interference and Noise

Ratio (SINR) for RE r and transmission layer l equals:

SINRr,l (Ws) =
Pl · |Kr[l, l]|

2

∑

i6=l Pi · |Kr[l, i]|2 + σ2
n

∑

i |Fr[l, i]|2
,

(4)

Here, Kr[l, i] denotes the element in the lth row and ith col-

umn of the matrix Kr and Pl refers to the transmit power on

layer l. The SINR depends on the utilized precoder and, via

the precoder, on the number of transmission layers L. Our

proposed algorithms are restricted to receivers for which a

post-equalization SINR can be stated.

3. COMPUTATION OF FEEDBACK INDICATORS

Our goal for the choice of the feedback values is to maximize

the estimated spectral efficiency of a user. Additionally the

CQI is chosen to satisfy an upper bound on the BLER.

To estimate the BLER of each AMC scheme m ∈ M,

for a given rank L and precoders {Ws}
S

s=1, MIESM [1] is

employed to obtain an average Signal to Noise Ratio (SNR)

for the considered REs. MIESM utilizes the BICM capac-

ity fm(SNR)1, corresponding to the modulation alphabet of

AMC scheme m, to average the SINRs experienced on the

considered REs [7]. The average SNR corresponds to an

AWGN channel that achieves the same spectral efficiency as

the fading channel does, over the considered resources. Then,

we utilize an AWGN SNR to BLER mapping table gm(SNR)
to obtain the estimated BLER of each AMC scheme m, de-

noted Pm. Furthermore, we define a function hm(Pm) that

1The calibration for each AMC scheme is already included in fm



delivers the spectral efficiency em for AMC scheme m, if the

BLER target P
(t)
b is satisfied and zero otherwise:

hm(P ) =

{

em, Pm ≤ P
(t)
b

0, Pm > P
(t)
b

. (5)

For the mathematical formulation of the optimization prob-

lem we need to distinguish between the cases of wideband and

subband specific CQI feedback. In the subband specific CQI

case, MIESM averaging is applied for each subband, deliver-

ing the subband SNRc
s for code word c:

SNRc
s (Ws,m)=f−1

m




1

|Rs| |Lc|

∑

r∈Rs,l∈Lc

fm (SINRr,l (Ws))





(6)

Here, | · | denotes the cardinality of the set and f−1
m (·) refers

to the inverse of fm(·). Via the precoder, this average SNR

also depends on the transmission rank L. The corresponding

estimated BLER equals:

P c
s (Ws,m) = gm (SNRc

s (Ws,m)) . (7)

This delivers the estimated spectral efficiency for subband s

and code word c:

Ec
s (Ws,m) = hm(P c

s (Ws,m)) · (1− P c
s (Ws,m)). (8)

With this, we are ready to formulate the subband optimiza-

tion problem for the feedback indicators:

[

L̂,
{

Ŵs

}

S
,{m̂s}S

]

= argmax
L,W(1),W

(2)
s ,ms

S∑

s=1

CL∑

c=1

Ec
s (Ws,ms[c])

subject to: L ≤ Lmax

W(1) ∈ W
(L)
1

W(2)
s ∈ W

(L)
2

ms ∈ MCL×1 (9)

Here, CL denotes the rank dependent number of code words.

The preferred RI is given by L̂, the PMIs correspond to the in-

dices of the S precoders
{

Ŵs

}

S
and the CQIs for each code

word and subband follow from the favored AMC schemes

{m̂s}S . Note that the optimization with respect to the sub-

band precoders W
(2)
s and subband AMCs ms is independent

for distinct subbands, given the rank and wideband precoder

choice. It can therefore be split into individual subband prob-

lems for each choice of L and W(1).

For wideband specific CQI feedback, an average code

word dependent SNRc needs to be computed for all R re-

sources:

SNRc ({Ws}S ,m) =

f−1
m

(

1

R |Lc|

R∑

r=1

∑

l∈Lc

fm (SINRr,l (Ws))

)

, s = ρ(r).

(10)

That SNR is then mapped to a code word dependent estimated

spectral efficiency for all resources:

P c ({Ws}S ,m) = gm (SNRc ({Ws}S ,m)) , (11)

Ec ({Ws}S ,m) = hm(P c) · (1− P c). (12)

The wideband optimization problem is then formulated as:

[

L̂,
{

Ŵs

}

S
, m̂
]

= argmax
L,W(1),

{

W
(2)
s

}

S

,m

CL∑

c=1

Ec
s ({Ws}S ,m[c])

subject to: L ≤ Lmax

W(1) ∈ W
(L)
1

W(2)
s ∈ W

(L)
2

m ∈ MCL×1 (13)

Solving these optimization problems implies very high com-

putational complexity, because they are combinatorial prob-

lems, that can in general only be solved by an exhaustive

search2. We therefore propose a simplified, suboptimal al-

gorithm in the following section.

4. APPROXIMATE SEQUENTIAL SOLUTION

To reduce the complexity of the optimization problems de-

scribed in the previous section, we resort to a sequential opti-

mization as suggested in [8]. In this approach, the precoders

and transmission rank are chosen in advance and afterwards,

with knowledge of these values, the optimal CQIs are selected

by solving (9) or (13).

The choice of the precoders is based on maximizing the

sum spectral efficiency, estimated by means of the BICM ca-

pacity. For this purpose we first need to compute the spec-

tral efficiency of RE r, denoted Ir, for each combination of

precoders and transmission ranks. Because the BICM capac-

ity is modulation alphabet dependent, we utilize a function

f(SNR) that delivers the maximum efficiency over all modu-

lation alphabets. This step is necessary to allow an indepen-

dent choice of the subband precoders of distinct subbands.

Ir (Ws, L) =

CL∑

c=1

∑

l∈Lc

f (SINRr,l (Ws)) . (14)

The most expensive step is the computation of the post-

equalization SINR. The spectral efficiency is obtained with a

simple table look up. To choose the subband precoder W
(2)
s ,

we maximize the sum spectral efficiency for each subband:

Is (Ws, L) =
∑

r∈Rs

Ir (Ws, L) , (15)

Ŵ(2)
s (W(1), L) = argmax

W
(2)
s ∈W

(L)
2

Is (Ws, L) . (16)

2Already for an LTE-A system with Nt × Nr = 8 × 1 antennas and

1.4 MHz bandwidth assuming RB selective PMI feedback and wideband CQI

feedback the number of possible combinations is equal to 4 · 10
9.



Table 1. Collection of the main simulation parameters.

Channel model VehA [9]

Bandwidth 1.4 MHz

Receiver Zero forcing

Antenna correlation 0

Feedback delay 0

Subband size 1 RB

Channel knowledge Perfect

Utilizing this pre-knowledge of the subband precoders, it is

possible to obtain the corresponding optimal wideband pre-

coder, rank and CQIs from (9) or (13).

Alternatively, the optimization problem can further be sim-

plified by choosing the wideband precoder in advance as well.

Then, the wideband precoder Ŵ(1) follows from the sum

spectral efficiency over all subbands:

I (Ws, L) =

S∑

s=1

Is (Ws, L) , (17)

Ŵ(1)(L) = argmax
W(1)∈W

(L)
1

I (Ws, L) . (18)

Plugging this precoder back into (16) we obtain the corre-

sponding, rank dependent subband precoders Ŵ
(2)
s (L) =

Ŵ
(2)
s (Ŵ(1)(L), L). Utilizing this pre-knowledge of the

wideband and subband precoders, the optimization problems

(9) and (13) are further simplified. One can even go a step

further to choose the rank in advance as well:

L̂ = argmax
L≤Lmax

I
(

Ŵs(L), L
)

, Ŵs(L) = Ŵ(1)(L)Ŵ(2)
s (L).

(19)

Then the only variables left for optimization in (9) and (13)

are the CQIs3.

We decided not to simplify the computation of the CQIs,

because we observed that they are more performance critical

than the RI and the PMIs. Choosing the wrong CQI either

under estimates the possible performance, leading to a waste

of resources, or in case of over estimated performance the

BLER bound will not be satisfied anymore.

We recognized, during our simulations of an LTE-A sys-

tem, that the performance degradation with each of the sim-

plifying steps described above increases with the number of

transmission layers. In a system with Nt × Nr = 8 × 2 an-

tennas, there is no performance difference between choosing

just the subband precoders in advance or choosing the sub-

band and wideband precoders and additionally the rank in ad-

vance. On the other in an 8×8 system, each of the simplifying

steps leads to a noticeable performance degradation.

Further simplifications are possible by exploiting time and

frequency correlation. To reduce the amount of SINR compu-

tations, we sub-sample the resource grid. In our simulations,

3For the same example as before these three steps reduce the number of

possible choices to 23 · 10
3.
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Fig. 2. Comparison of the throughput for different LTE-A

antenna configurations Nt ×Nr.

utilizing a VehA [9] channel model with coherence bandwidth

of 1.35 MHz, we compute post-equalization SINRs just on ev-

ery third subcarrier without degrading the performance. Fur-

thermore, we do not consider all possible ranks in the opti-

mization, but, utilizing temporal correlation, optimize only

over the set {RI− 1,RI,RI+1} with RI being the previously

reported rank, without degrading the performance. Further

investigations in this respect are required.

5. SIMULATION RESULTS

In this section, we present simulation results acquired with

the (LTE-A extended) Vienna LTE Link Level Simulator [3].

In previous papers, concerned with LTE feedback, we com-

pared the throughput obtained with our feedback estimators

to the optimum throughput, determined by exhaustive search

[2]. Unfortunately, finding the optimum throughput in LTE-

A is computationally not feasible anymore. Therefore, we

compare the performance utilizing our estimators to theoreti-

cal throughput bounds derived in [4]. In [4] we also derived

a low complexity method to predict the optimum throughput,

that proved to be accurate for LTE. We adopt this method

here as well, although we cannot assure that the prediction is

accurate in LTE-A too. The prediction of the optimum per-

formance is based on link level abstraction methods and an

exhaustive search over all precoder combinations.

In the presented simulations we employ the sequential opti-

mization algorithm described in Section 4. We select the sub-

band and wideband precoders in advance but not the rank. We

furthermore utilize wideband CQI feedback. The main simu-

lation parameters are summarized in Table 1. The simulation

results are averaged over 1 000 subframes, giving 1 000 inde-

pendent channel and noise realizations. We compute feed-

back values for each subframe and assume a feedback de-

lay of zero, meaning that the feedback is known before data

transmission.We choose this setting to investigate the ideal

performance of the feedback method without influence of out-

dated feedback. The receiver has perfect channel knowledge.
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Fig. 3. Comparison of the throughput of an Nt ×Nr = 8× 8
system to theoretical throughput bounds.

Figure 2 shows the throughput obtained with different an-

tenna configurations Nt × Nr over the average receive SNR

(ratio of symbol energy and noise power spectral density). It

can be observed that a very large SNR of more than 40 dB is

required to fully exploit the throughput of the 8× 8 system.

In Figure 3, we compare the throughput of an Nt × Nr =
8 × 8 system to the throughput bounds derived in [4]. The

following observations can be made:

• Comparing the leftmost curve, channel capacity, to the

rightmost curve, the performance of the simulated LTE-A

system, at a typical operating point of 20 dB, reveals a per-

formance loss of approximately 50%. A similar behavior

was also observed for an LTE system in [4].

• Taking into account the system overhead, with the achiev-

able channel capacity, causes a loss of 18% in through-

put compared to channel capacity at SNR = 20 dB. This al-

ready explains a major part of the total performance loss.

• If we take into account the finite set of possible precoders,

defined in the LTE-A standard, and the fact that the transmit

power is equally distributed over the subcarriers (instead of

water filling power allocation), we can explain another loss

of 2.5% in throughput (achievable CLMI bound). Note that

this loss is much more severe at low SNR.

• The achievable CLMI-LR bound considers the utilization

of the Zero Forcing equalizer, which causes a loss of 18%.

• The considered practical system is based on BICM instead

of Gaussian signaling. This causes a throughput loss of

2.5% of channel capacity (achievable BICM bound).

• Finally, the code block length and the set of supported

AMC schemes are both finite. This is considered in the

achievable QSBICM bound and explains a throughput loss

of 2.5% of channel capacity.

The gap of 1 dB that is still left between the QSBICM bound

and the simulated performance is due to the sub optimality of

the employed channel codes and the feedback method.

The performance loss of the feedback method compared to

the predicted optimum performance is in the order of 0.2 −
1 dB depending on the considered throughput. A similar loss

is also observed for an LTE system in [4].

6. CONCLUSION

In this work, we derive the optimization problem for com-

puting optimal receiver feedback values for a MIMO BICM

OFDM wireless communication system, that utilizes finite

code book based precoding. Such a system requires CQI

feedback, to employ the appropriate AMC scheme, and fur-

thermore RI and PMI feedback for MIMO preprocessing. To

avoid the high complexity involved in solving the derived op-

timization problem for obtaining these feedback indicators,

we propose a simplified sequential solution. We present sim-

ulation results for an LTE-A system and investigate the gain

of increasing the number of transmit antennas. Furthermore,

we compare the performance of our proposed method to the-

oretical bounds, demonstrating its capabilities.
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