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Abstract—In LTE-Advanced (LTE-A) demodulation reference
symbols are employed for pilot aided channel estimation to
perform coherent detection. Since these reference symbols are
allocated on the same time-frequency positions for all users
in Multi-User MIMO (MU-MIMO) operation or for all spatial
layers in Single-User MIMO (SU-MIMO), they are designed to be
code-domain orthogonal in order to be separable at the receiver.
This orthogonality is obtained by cyclically shifting a reference
signal base sequence, where the specific cyclic shift values are
signaled to each user. In this work we show formal equivalence
of SU-MIMO and MU-MIMO for LTE-A uplink in the context of
channel estimation. We propose a standard compliant mapping
that assigns cyclic shifts to users such that SU-MIMO estimation
methods are applicable also for MU-MIMO transmissions. Fur-
ther we show the trade-off between the number of active users
and the channel’s frequency selectivity in MU-MIMO operation
due to the residual channel estimation error.

Index Terms—channel estimation, LTE-A, uplink, multi-user,
MIMO

I. INTRODUCTION

Channel estimation in 3rd Generation Partnership Project

(3GPP) LTE-Advanced (LTE-A) is pilot aided, meaning that

known reference symbols are multiplexed in the Orthogonal

Frequency Division Multiplexing (OFDM) time-frequency re-

source grid to enable channel estimation at the receiver. In

the LTE-A uplink two kinds of reference symbols, Sounding

Reference Signal (SRS) and Demodulation Reference Signal

(DMRS), are standardized [1]. While SRS are employed for

channel sounding and for scheduling and feedback parameter

estimation, we focus on channel estimation for the purpose of

coherent detection utilizing DMRS in our work.

In order to save reference symbol overhead in Multiple-

Input Multiple-Output (MIMO) transmissions, reference sym-

bols of all spatial streams are allocated on the same time-

frequency resources as illustrated in Fig. 1. Due to the

overlapping reference symbol allocation, channel estimation in

LTE-A uplink is significantly different from the downlink and

was already considered by many others, in terms of Single-

User MIMO (SU-MIMO) [2]–[5] as well as in the context of

Multi-User MIMO (MU-MIMO) [3]–[10]. While most authors

consider channel estimation in the time domain, which leads

to Channel Impulse Response (CIR) leakage, only [8] and

our previous work [11] consider estimation in the frequency

domain, avoiding this problem.

In any case, code domain orthogonality of DMRS is ex-

ploited to separate estimated MIMO channels of different User

Equipment (UE)s or different spatial transmission layers. This

orthogonal structure is obtained by cyclic shifts of reference

symbols which are signaled in terms of the Cyclic Shift

Field (CSF) within the Downlink Control Information (DCI)

to the user. Although equivalence of uplink SU-MIMO and

MU-MIMO channel estimation is widely understood in theory,

authors often do not consider constraints imposed by the

standard. Since there are only three bits reserved within the

DCI field for signaling of the CSF, at most eight users may be

scheduled simultaneously. Further, a specific mapping between

users and a corresponding cyclic shift value is necessary to

ensure orthogonality between UEs in MU-MIMO which is

not proposed by any other work to the best of the authors

knowledge. Also, since a frequency selective channel de-

stroys DMRS orthogonality in general, separation of estimated

MU-MIMO channels is more difficult for strong multipath

propagation. In such a scenario, the maximum applicable

number of users for MU-MIMO is not limited by the number

of CSF values, but by the channel’s frequency selectivity for

correlation based channel estimation.

In this paper, we show the equivalence of SU-MIMO and

MU-MIMO in the LTE-A uplink for channel estimation. We

explain how code domain orthogonality between reference

symbols of different users/spatial layers is obtained and pro-

pose a mapping function to allocate a specific cyclic shift value

to each user; such SU-MIMO channel estimation schemes

are also applicable for MU-MIMO. Further, we analyze the

trade-off between the channel’s delay spread and the number

of users for MU-MIMO exploiting a low complexity channel

estimation method from our previous work [11] by simulation.

This paper is organized as follows. The LTE-A system

models for SU-MIMO and MU-MIMO are introduced in Sec-

tion II. In Section III the reference symbol allocation and

structure is explained. Channel estimation is considered in Sec-

tion IV. Section V and Section VI contain simulation results

and the conclusion, respectively.

II. SYSTEM MODEL

The LTE-A uplink employs Single-Carrier Frequency Divi-

sion Multiplexing (SC-FDM) as physical layer access scheme,

which is basically Discrete Fourier Transform (DFT) spread

OFDM. This means that modulated symbols of each spatial

transmission layer are DFT transformed prior to the MIMO

OFDM processing as explained in [12]. Similarly, received
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symbols are transformed by an Inverse Discrete Fourier Trans-

form (IDFT). Due to this layer-wise spreading, a single carrier

like physical layer scheme is obtained, in the sense that each

symbol is spread over all subcarriers for transmission. For

the purpose of channel estimation however, the system model

corresponds to OFDM, since the pilot symbols are multiplexed

after the DFT spreading and the channel estimation takes

place prior to de-spreading [12]. We consider a perfectly

synchronized OFDM transmission with k ∈ {1, . . . , NSC}
scheduled subcarriers and n ∈ {1, . . . , 7} OFDM symbols

per slot, corresponding to normal Cyclic Prefix (CP) length

operation of LTE-A. We assume the wireless channel to be

constant for the duration of an OFDM symbol and the CP

length to be longer than the channel’s delay spread such that

no inter-symbol or inter-carrier interference occurs.

A. Single-User MIMO

In SU-MIMO a single user is scheduled exclusively on NSC

subcarriers for the duration of a slot, employing NL spatial

layers. The number of layers is at most four since 3GPP LTE-A

Rel. 10 and at most equal to the number of transmit antenna

ports NT , i.e., NL ≤ NT ≤ 4. We denote the transmit symbols

at OFDM symbol time n of all scheduled NSC subcarriers on

spatial layer � by vector xn,� ∈ ANSC×1, where A denotes

the symbol alphabet. Symbol vectors of all layers are stacked

into symbol vector xn as

xn =

⎛
⎜⎜⎜⎝

xn,1

xn,2

...

xn,NL

⎞
⎟⎟⎟⎠ ∈ ANSCNL×1 . (1)

Further we define a block-wise effective channel matrix at

symbol time n as

Hn =

⎛
⎜⎝

H1,1,n · · · H1,NL,n

...
. . .

...

HNR,1,n · · · HNR,NL,n

⎞
⎟⎠ , (2)

where blocks Hi,�,n ∈ C
NSC×NSC are diagonal matrices

consisting of OFDM channel coefficients for NSC scheduled

subcarriers from layer � ∈ {1, . . . , NL} to receive antenna

i ∈ {1, . . . , NR} at symbol time n. The effective channel (2)

includes the precoder F′
n ∈ C

NTNSC×NLNSC as given by

Hn = H(d)
n F′

n , (3)

where H
(d)
n ∈ C

NRNSC×NTNSC is the block-wise diagonal

channel matrix consisting of channel coefficients from all

NT transmit antenna ports to all NR receive antennas. The

precoding matrix is constant over all subcarriers and can

therefore be expressed by

F′
n = Fn ⊗ INSC , (4)

where ⊗ denotes the Kronecker product, INSC
is the identity

matrix of size NSC and Fn ∈ C
NT×NL . The system model in

vector notation is given by

yn = Hnxn + zn , (5)
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Fig. 1. Reference symbol allocation.

with the independent and identically distributed Gaussian noise

vector zn ∼ CN (
0, σ2

zINRNSC

)
.

B. Multi-User MIMO

For MU-MIMO transmission we assume Nu scheduled

users that are assigned the same NSC subcarriers within a

slot. Further, all UEs are equipped with a single transmit

antenna port each, enabling transmissions on a single spatial

layer only. Modulated symbols at OFDM symbol time n,

for all NSC subcarriers of user u are described by vector

xn,u ∈ ANSC×1. Stacking data vectors from all scheduled

users u ∈ {1, . . . , Nu} yields the symbol vector

xn =

⎛
⎜⎜⎜⎝

xn,1

xn,2

...

xn,Nu

⎞
⎟⎟⎟⎠ ∈ ANSCNu×1 , (6)

similar to (1). For MU-MIMO the block-wise diagonal channel

matrix at symbol time n is given by

Hn =

⎛
⎜⎝

H1,1,n · · · H1,Nu,n

...
. . .

...

HNR,1,n · · · HNR,Nu,n

⎞
⎟⎠ , (7)

which is very similar to (2) except the number of layers is

exchanged by the number of single layer users Nu [13]. A

stacked system model for MU-MIMO then follows the same

formalism (5).

For SU-MIMO operation, symbols xn and channel matrix

Hn are given by (1) and (2), respectively, while they are given

by (6) and (7), respectively for MU-MIMO operation.

III. REFERENCE SYMBOLS

Channel estimation in LTE-A is pilot aided with reference

symbols as defined in [1]. Since DMRS of all users and all

spatial transmission layers are allocated on the same time-

frequency resources, estimated channels need to be separated

by utilizing the DMRS code domain orthogonality at the

receiver. In this section we briefly introduce DMRS in the
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TABLE I
DEPENDENCE OF n

(2)
DMRS,�,S ON LAYER � AND CSF S .

S
n
(2)
DMRS,�,S

�=1 �=2 �=3 �=4

0 0 6 3 9

1 6 0 9 3

2 3 9 6 0

3 4 10 7 1

4 2 8 5 11

5 8 2 11 5

6 10 4 1 7

7 9 3 0 6

context of MU-MIMO Channel Estimation (CE); further de-

tails can be found in [14]–[16].

DMRS are multiplexed in time with the transmit data at

OFDM symbol time n = 4 in every slot and on the entire

scheduled transmission bandwidth, of NSC subcarriers as

shown in Fig. 1. Since reference symbols are always allocated

at the same symbol time, we omit the symbol time index n in

the following. The pilot sequences consist of a base sequence

and a cyclic shift. The base sequence of a DMRS on NSC

subcarriers for one slot is denoted by r̄ ∈ C
NSC×1. It is a

complex exponential sequence, lying on the unit circle and

therefore fulfills

|̄r[k]| = 1 ∀k ∈ {1, . . . , NSC} (8)

where square brackets [·] denote the vector entry.

DMRS for one slot are defined by [5] the diagonal matrix

RS
� = TS

� Diag (r̄) ∈ C
NSC×NSC , (9)

with layer index � and CSF S. The cyclic shift operator is

given by

TS
� = Diag

(
ej0, . . . , ejα

S
� (k−1), . . . , ejα

S
� (NSC−1)

)
, (10)

where the operator Diag(·) yields a diagonal matrix from a

vector. The cyclic shift value αS
� depends on the spatial layer

index � and the CSF S from uplink related DCI format. It is

defined by [1]

αS
� =

2πncs,�,S

12
(11)

with

ncs,�,S =
(
n
(1)
DMRS + n

(2)
DMRS,�,S + nPN

)
mod 12 . (12)

The only layer dependent term in (12) is n
(2)
DMRS,�,S since

n
(1)
DMRS is given by higher network layers and nPN is a pseudo-

random sequence. This value is signaled in terms of the uplink

related DCI format, in which a field of three bits is reserved

for this purpose, namely the CSF [1], [17]. The relation

between this CSF from DCI signalling and n
(2)
DMRS,�,S is given

by Table I which originates from Table 5.5.2.1.1-1 in [1].

As the cyclic shift explicitly depends on the transmission

layer index � as well as on the signaled CSF value S,

orthogonality between pilots can be obtained for SU-MIMO

and for MU-MIMO transmissions.

Due to the intended pilot sequence orthogonality, the inner

product of two DMRS is the factor, determining the inter-layer

interference for correlation based estimation. It is therefore

crucial to analyse how the Frequency Domain Code Division

Multiplexing (FD-CDM) orthogonality can be exploited in

order to cancel this interference. Exploiting (8), the product

of two DMRS from layers � and p with �, p ∈ {1, . . . , NL}
and CSFs S and C, becomes(
RS

�

)H
RC

p =
(
TS

�

)H
TC

p Diag (r̄)
H
Diag (r̄) (13)

=Diag
(
ej0, . . . , ejΔα(k−1), . . . , ejΔα(NSC−1)

)
I ,

with Δα = αC
p − αS

� being the cyclic phase shift between

DMRS of two different spatial layers p �= � or users that

are assigned two different CSF C �= S. The exponential

sequence (13) therefore has a periodicity of γ = 2π/Δα. The

FD-CDM orthogonality can be exploited as

trace
((

RC
p

)H
RS

�

)
=

{
NSC for p = � and C = S

0 for p �= � or C �= S
.

(14)

Since the phase shift Δα is a fraction of 12 trough (11)

and the number of subcarriers NSC is a multiple of 12

in LTE-A, summation over the whole exponential sequence

evaluates to zero in (14) for two different layers or users.

After transmission over a frequency selective channel, this

orthogonality has to be exploited to separate all effective

MIMO channels at the receiver.

For SU-MIMO, correlation of the received signal of layer p
with reference symbol of intended layer � to be estimated leads

to inter-layer interference. The structure of this interference

was analyzed in (13), where the cyclic shift Δα depends

on the two layers p and �. For correlation based estimation,

the cyclic shift value is a distance measure between MIMO

channels and directly affects their separability. As all pairings

p �= � occur, the minimum cyclic shift Δαmin between any

two layers determines the residual error floor for correlation

based estimation. For a SU-MIMO transmission, i.e., NL > 1,

this minimum difference in cyclic shift is given by

Δαmin = min
p,�∈{1,...,NL}

p �=�

|Δα| , (15)

which corresponds to a maximum periodicity γ̌ = 2π/Δαmin.

In case of a MU-MIMO transmission, similar effects occur.

Code domain orthogonality is then exploited between two

CSF values C and S, corresponding to two users j and u,

such that (14) is again applicable. Applying this change of

indices to (15), a minimum cyclic shift value is also found for

MU-MIMO transmissions.

A. The Single-User MIMO Case

In a SU-MIMO scenario only one user is scheduled per

time-frequency resource. This scheduled user transmits on NL

spatial transmission layers to achieve high spectral efficiency

via spatial multiplexing. To estimate the complete MIMO

channel, orthogonality between DMRS of the active spatial
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TABLE II
RELATION BETWEEN USER INDEX u AND THE CSF.

u
Γ(u) Γ̂(u)

S n
(2)
DMRS,1,S S n

(2)
DMRS,1,S

1 0 0 0 0

2 1 6 4 2

3 2 3 3 4

4 7 9 1 6

5 5 8

6 6 10

7 2 3

8 7 9

layers, originating from a single UE, has to be ensured. For

this the layer dependence of the cyclic shift (11) is utilized.

Assuming a single user transmitting on several spatial layers,

only one row, corresponding to the CSF of that specific user,

of Table I is relevant. Still, since each layer is assigned a

different cyclic shift accordingly, (13) is exploited for CE and

evaluates to zero for any two different employed layers p �= �.

B. The Multi-User MIMO Case

When MU-MIMO is employed, a certain number of Nu

users is scheduled on the same time-frequency resource. For

coherent detection channels from all UEs to the Base Station

(BS) have to be estimated. This again requires orthogonal-

ity between pilot symbols of all spatial layers. However,

in MU-MIMO this means orthogonality between DMRS of

spatial streams originating from different users rather than

from just a single user, as in the SU-MIMO case. For this

the dependence of cyclic shift (11) on the signaled CSF S is

utilized. When multiple users are transmitting, each employing

a single spatial stream, only the first column of Table I is

being considered. Since now each UE only utilizes one layer,

different cyclic shifts have to be obtained by CSF signaling.

We propose a user index to CSF mapping S = Γ(u) as

given in Table II. When this mapping is employed, cyclic shifts

between different users in the MU-MIMO case are the same as

between different layers in the SU-MIMO case. Therefore, all

channel estimation methods proposed for SU-MIMO operation

are again applicable to MU-MIMO with Nu ≤ 4, with our

introduced mapping function. Since the CSF is a three bit field

within DCI signaling, a maximum of Nu = 8 is possible for

Multi-User (MU) operation. For a number of users 5 ≤ Nu ≤
8 however, a different mapping function Γ̂(u) is employed,

since it yields higher differences in cyclic shifts between users

compared to Γ(u). The mapping Γ̂(u) is also given in Table II.

IV. CHANNEL ESTIMATION

Considering the received signal of antenna i from (5) for

the case of MU-MIMO, yields

yi =(Hi,1, . . . ,Hi,Nu
)

⎛
⎜⎝

x1

...

xNu

⎞
⎟⎠+ zi , (16)

where the time index n is again omitted. Since channel matri-

ces in (16) are diagonal, channel vectors hi,u = diag
(
Hi,u

)
can be exploited instead, where the operator diag(·) yields a

column vector from a diagonal matrix. Further, substituting

data symbols by reference symbols (9) yields a model for CE

yi =
(
R

Γ(1)
1 , . . . ,R

Γ(Nu)
1

)⎛
⎜⎝

hi,1

...

hi,Nu

⎞
⎟⎠+ zi

=

Nu∑
u=1

R
Γ(u)
1 hi,u + zi , (17)

where the layer index is always one, since each user only

applies a single spatial stream. Please note that in (17) the

CSF index S of reference symbols from (9) is obtained

by employing the mapping function Γ(u). Applying a least

squares estimator for channel hi,u on (17) as in [11] leads to

h̃i,u =
(
R

Γ(u)
1

)H
yi (18)

=hi,u +

Nu∑
j=1
j �=u

(
R

Γ(j)
1

)H
R

Γ(u)
1 hi,u +

(
R

Γ(u)
1

)H
zu ,

where (13) was exploited. As the received signal is multiplied

with the reference symbol as initial step in (18), this estimation

is also referred to as correlation based estimation.

Considering SU-MIMO operation, an expression similar

to (18) is obtained for the estimated channel from spatial

transmit layer � to receive antenna i which is given by

h̃i,� = hi,� +

NL∑
j=1
j �=�

(
R

Γ(1)
j

)H
R

Γ(1)
� hi,� +

(
R

Γ(1)
�

)H
z� . (19)

Since in (18) all Nu users employ a single layer only, the

layer index in (18) is fixed to one, i.e., � = 1. In (19) on the

other hand, a single user employs NL spatial transmit layers

such that the user index is fixed to one, i.e., u = 1.

As the inter-user or inter-layer interference is characterized

by exponential sequences of a maximum periodicity γ̌ =
2π/Δαmin, applying a sliding averaging on (18) or (19) as

post-processing yields a channel estimate which significantly

reduces interference as proposed in [11]. For this method,

we assume the channel to be almost frequency flat over γ̌
subcarriers. The estimate is then obtained by

ĥi,�[k]=
1

γ̌2

k∑
t=k−γ̌+1

t+γ̌−1∑
j=t

h̃i,�[j] for γ̌ ≤ k ≤ NSC − γ̌+1 ,

(20)

which is given for SU-MIMO here and the MU-MIMO version

is obtained by exchanging layer index � by user index u.

V. SIMULATION RESULTS

Numerical simulations presented in this section were per-

formed with the Vienna LTE-A uplink link level simula-

tor [12], [18], [19]. We show results in terms of channel

estimation Mean Square Error (MSE) and resulting Bit Error
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Ratio (BER) for a 16QAM symbol alphabet and Minimum

Mean Square Error (MMSE) equalization. We exploit (20) for

estimation, which we refer to as averaging in the following.

A bandwidth of 1.4MHz, which corresponds to NSC = 72,

was used for all simulations. With a block-fading assumption

the wireless channel is constant in time for a duration of

a subframe (two slots). The two channel estimates obtained

from these two slots are then averaged for noise reduction

and repeated for all OFDM symbol times within a subframe,

to obtain channel estimates also on data positions.

SU-MIMO simulation results for a two layer and a four

layer transmission with a corresponding number of antennas,

i.e., NT = NR = NL, are shown in terms of MSE in Fig. 2.

A Typical Urban (TU) channel model [20] with a Root Mean

Square (RMS) delay spread of 0.5μs and precoding matrices

F = 1/
√
NLINL

are utilized. The performance of MMSE

estimation with perfectly known second order statistics for two

spatial layers is also shown as reference. As channel estimation

is performed for each receive antenna individually, same

results are obtained for different NR. Further, as the effective

channel, including the precoder, of dimension NR × NL is

estimated, the number of transmit antennas NT has no impact

on the obtained MSE. Results show that the estimation error

obtained with two active spatial layers is higher compared to

four active spatial layers at low Signal to Noise Ratio (SNR),

as the received signal is averaged over more subcarriers in

the latter case which leads to superior noise reduction. In the

high SNR region, the estimation MSE is dominated by the

inter-layer interference, leading to a higher error for NL = 4.

Simulation results for MU-MIMO transmissions with dif-

ferent numbers of single transmit antenna port users are

shown in Fig. 3. Again, a TU channel model was exploited

and numbers of receive antennas were chosen corresponding

to the number of users, i.e., Nu = NR = {2, 4, 6, 8}.

Performance obtained with MMSE estimation for Nu = 8
is shown as reference. Similar effects as for SU-MIMO are

observed. Again estimation MSE decreases significantly with

the number of users at low SNR. Since BER is generally

high in this region of low SNR, this improvement in MSE

only translates to small improvements in terms of BER. In

the high SNR region, interference on a frequency selective

channel, which is now inter-user interference, is even more

pronounced than in the SU-MIMO case. Comparing Fig. 2

and Fig. 3a, the MU-MIMO MSE curve for Nu = 2 is similar

to the SU-MIMO MSE curve obtained for NL = 2, the MSE

obtained with Nu = 4 is already significantly higher than the

MSE obtained with NL = 4. The origin of this effect lies

in the transmit power. Each user transmits with a normalized

power of one for MU-MIMO operation, while the total power

of a single user in SU-MIMO is also one, and hence the

per-layer power is 1/NL. The total power for MU-MIMO

transmissions is therefore higher by a factor Nu. This leads to

stronger interference resulting in a high estimation MSE floor.

The discussed residual channel estimation error at high SNR

also leads to a high BER as shown in Fig. 3b.

To investigate the effect of the wireless channel’s delay

0 5 10 15 20 25 30 35 40
10−5

10−4

10−3

10−2

10−1

100

95% confidence

SNR in dB

M
S
E

averaging NL = 2
averaging NL = 4

MMSE NL = 2

Fig. 2. Results for SU-MIMO on a TU channel model.

spread, i.e., the frequency selectivity, and the number of active

users Nu on the channel estimation error, simulations on a

channel with exponential power delay profile were carried out.

Channel estimation MSE for different RMS delay spreads τ
with Nu = 4 active users is shown in Fig. 4. The curve for

τ = 0.5μs is comparable to the four user case in Fig. 3a

which is obtained on a TU channel which also has an RMS

delay spread of 0.5μs. It is obvious that inter-user interference

cancellation is more difficult on highly frequency selective

channels. Since the minimum cyclic shift difference (15)

decreases with Nu, the maximum periodicity of interference γ̌
increases. Therefore, serving more users requires a frequency

flat channel because the correlation based frequency-domain

estimation method (20) assumes the channel to be frequency

flat over γ̌ subcarriers. In other words, the residual estimation

error for correlation based estimation increases with the num-

ber of scheduled users and the RMS delay spread. Although

we showed this trade-off in the context of frequency domain

estimation, the effect is similar for more common time domain

channel estimation.

VI. CONCLUSION

In this work we showed that the problem of channel esti-

mation is equivalent for SU-MIMO and MU-MIMO in LTE-A

uplink. In both cases, reference symbols originating from

different spatial layers or users overlap entirely in time and fre-

quency, according to their standardized allocation. Therefore

the DMRS code domain orthogonality needs to be exploited

to separate MIMO channels at the receiver. We showed that

orthogonality can be ensured in between spatial layers of a

single users as well as in between multiple users transmitting

simultaneously by means of signaling. We proposed a standard

compliant mapping function for signaling the CSF to users

in MU-MIMO such that reference symbols of users are not

only orthogonal, but also SU-MIMO estimation schemes are

directly applicable. Since orthogonality is in general destroyed

during transmission over a frequency selective channel, the

channels RMS delay spread leads to a residual channel estima-

tion error for correlation based estimation. We further analyzed

the trade-off between the channel’s frequency selectivity and

the number of active MU-MIMO users. On a highly frequency
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Fig. 3. MU-MIMO simulation results on a TU channel model in terms of (a) MSE and (b) BER.
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Fig. 4. Results for MU-MIMO with Nu = 4 on a channel model with
exponential power delay profile and various RMS delay spreads.

selective channel only few users can be served with correlation

based estimation without any prior channel statistics.
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