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TABLE III
PILOT SYMBOLS AND EFFICIENCY FACTOR F IN LTE.

transmit antennas NT reference symbols Nref efficiency factor F
1 4 88,88 %
2 8 84,44 %
4 12 80 %

noise impairment:677

1

σn
Hk = UkΣkVH

k ; with (3)

Σk = diag
{√

λk,m

}
m = 1 . . .min(NR, NT)

The optimum, capacity-achieving, frequency-dependent pre-678

coding at the transmitter is given by the unitary matrix Vk. If679

this precoding matrix is applied at the transmitter and also the680

optimum receive filter UH
k is employed, the MIMO channel is681

separated into min(NR, NT) (with NR denoting the number of682

receive antennas and NT the number of transmit antennas)683

independent SISO channels, each with a gain of
√
λk,m,684

m = 1 . . .min(NR, NT), k = 1 . . . Ntot. The channel capacity685

is obtained by optimally distributing the available transmit686

power over these parallel SISO subchannels. The optimum687

power distribution Pk,m is the solution of the optimization688

problem:689

C = max
Pk,m

1

Ntot

min(NR,NT)∑
m=1

Ntot∑
k=1

log2 (1 + Pk,mλk,m) (4)

subject to
min(NR,NT)∑

m=1

Ntot∑
k=1

Pk,m = Pt.

Here, the second equation is a transmit power constraint that690

ensures an average transmit power proportional to the number691

of data subcarriers: Pt = Ntot. Note that due to the definition692

of
√
λk,m in Equation (3), the power distribution Pk,m and693

thus Pt remain dimensionless. We calculate the power coeffi-694

cients maximizing Equation (4) by the water-filling algorithm695

described in [71]. In order to achieve a throughput equal696

to the channel capacity, the transmitter needs full channel697

state information and has to apply the optimum precoder.698

Furthermore, the receiver needs to apply the optimum receive699

filter in order to separate the parallel SISO subchannels.700

3) Achievable Mutual Information: Both mutual informa-701

tion and channel capacity do not consider system design702

losses caused for example by the transmission of cyclic prefix703

or reference symbols, or the quantization of the transmitter704

precoding. In order to obtain a tighter bound for the link level705

throughput, we therefore consider these effects in the definition706

of the so-called achievable mutual information. In the case707

of open-loop transmission, in which space-time coding is708

employed at the transmitter, we obtain for the achievable709

mutual information710

I(OL)
a =

Ntot∑
k=1

FBsub
1

NL
log2 det

(
INRNL +

1

σ2
n

H̃kH̃H
k

)
, (5)

with NL denoting the number of spatial transmission layers.711

The NRNL×NT dimensional matrix H̃k is the effective chan-712

nel matrix including the space-time coding [76]. The factor F713
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Fig. 10. Throughput of a 2×2 system with 5 MHz bandwidth compared
to the channel capacity, the mutual information, and the achievable mutual
information. The small vertical bars within the circular markers indicate the
99% confidence intervals. Reproducible by running Physical Layer batch.m.

accounts for the inherent system losses due to the transmission 714

of the cyclic prefix and the reference symbols. In detail, the 715

factor F is calculated as 716

F =
Tsub − Tcp

Tsub︸ ︷︷ ︸
CP loss

· Nsc ·Ns/2−Nref

Nsc ·Ns/2︸ ︷︷ ︸
reference symbols loss

, (6)

where Nref is the number of reference symbols per resource 717

block, and Nsc = 12 is the number of subcarriers in each 718

RB. In LTE, the number of reference symbols depends on the 719

number of transmit antennas. Therefore, the efficiency factor 720

F decreases with increasing number of transmit antennas (see 721

Table III). 722

In the case of closed-loop transmission, a channel adapted 723

precoding matrix W is chosen from a set W (defined in the 724

standard) and applied to the transmit signal. We calculate the 725

achievable mutual information for closed-loop transmission as: 726

I(CL)
a = max

W∈W

Ntot∑
k=1

FBsub log2 det

(
INR +

1

σ2
n

HkWWHHH
k

)
.

(7)

In Figure 10, the throughput of a 2×2 LTE system with 727

5 MHz bandwidth, perfect channel knowledge, and a Soft 728

Sphere Decoder (SSD) receiver is shown and compared to 729

the previously presented theoretic bounds. The difference be- 730

tween channel capacity and mutual information is only small, 731

therefore, even knowledge of the full channel state information 732

at the transmitter does not considerably increase the potential 733

performance. In contrast, the difference between the mutual 734

information and the achievable mutual information is much 735

larger, resulting in a loss of 56% at an SNR of 15 dB. Most 736

(41%) of this loss is due to the restrictions implied by the stan- 737

dard, as indicated by the achievable mutual information curves 738

in Figure 10. At a rate of 16 Mbit/s, the difference between 739

achievable mutual information and simulated throughput is 740

approximately 4 dB. These findings are similar to results we 741




