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Abstract—This paper presents a channel prediction method
for MIMO systems operating at millimeter wave (mmWave)
frequencies in 3D propagation environments. Based on recent
3D model for mmWave channels, an ESPRIT/Unitary ESPRIT
approach is proposed for jointly extracting the azimuth, elevation
and Doppler parameters of the channel. The MMSE minimum
description length (MMDL) criterion is utilize for proper selec-
tion of the number of dominant paths. Temporal extrapolation of
the estimated model is then performed to obtain future states of
the channel. A closed form expression for the performance bound
on the estimation and prediction of 3D multiantenna channels
with uniform planar array is also derived. The performance of
the method is evaluated via numerical simulations.

Index Terms—millimeter wave radio, channel prediction, wire-
less propagation, parameter estimation, multipath fading.

I. INTRODUCTION

Millimeter–wave (mmWave) frequencies offers several or-
ders of magnitude bandwidth increase as well as beamform-
ing and multiplexing gains through the use of multielement
antenna arrays in cellular systems [1]. These potential perfor-
mance gains can be fully utilized when accurate knowledge
of the channel state information (CSI) is available at both
the transmitter and receiver [2]. For example, transmit beam-
forming requires accurate knowledge of the downlink CSI. In
frequency division duplex (FDD) systems, CSI is estimated at
the receiver and sent back to the transmitter via a feedback
link. In practice, the CSI may become outdated before its
actual usage as a result of delays in estimation, processing
and feedback. Prediction of the CSI is therefore useful for
mitigating performance degradations due to channel aging. In
time division duplex (TDD) systems, the uplink and downlink
channels are reciprocal enabling the transmitter to use the
detected downlink CSI as the uplink CSI in time-invariant
channels. In time-varying channels, however, the CSI need to
be updated via channel prediction.

Channel prediction for traditional multiple input multiple
output (MIMO) channels have received considerable research
attention within the last few years. In [3]–[6], non-parametric
approaches based on autoregressive modeling are developed
for MIMO channels. On the hand, parametric schemes utiliz-

ing the spatial and temporal structure of MIMO channels for
prediction are presented in [7].

The aforementioned MIMO prediction algorithms consider
2D (azimuth only) propagation with linear antenna arrays.
In mmWave, 3D (azimuth and elevation) propagation has
been the focus of active research (see e.g., [8], [9] and the
references therein). The idea is to utilize the additional degrees
of freedom in the elevation spectrum. Since existing MIMO
channel prediction algorithms are two dimensional in that they
assume wave propagation only in the azimuth spectra, there is
the need to develop algorithms which account for the impact
of the channel component in the elevation direction.

This paper present the results of investigations on the
prediction of 3D MIMO channel at mmWave frequencies. The
key contributions of the paper are:

∙ We propose a reduced complexity extension of algorithms
for 2D MIMO channel for prediction of 3D channels.
The proposed scheme extract the azimuth and elevation
spatial parameters as well as the Doppler frequencies
from noisy channel estimates using multidimensional
unitary ESPRIT (UESPRIT) [10], [11]. Unlike previous
schemes, the proposed method considers Uniform Planar
Arrays (UPA) at both the transmit and receive end of
the system. UPA are of interest in applications such
as mmWave beamforming because they enable packing
of more antenna elements in reasonably-sized arrays,
thereby yielding smaller antenna array dimensions. More-
over, UPAs make beamforming in the elevation domain
possible.

∙ We derive a closed for expression for the performance
bound (in the asymptotic limit of large number of sam-
ples and/or array sizes) on the prediction of 3D MIMO
channels with UPA at both ends.

∙ We present results on mmWave channel prediction per-
formances using different array geometry.

∙ A framework for the application of the prediction algo-
rithm to both TDD and FDD system is also presented.



II. CHANNEL MODEL

We consider a 3D mmWave MIMO channel model defined
as [9]
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where [⋅]𝑇 denotes non-conjugate transpose, 𝛼ℓ𝑝 and 𝜔ℓ𝑝 are
the complex amplitude and Doppler shift of the 𝑝th ray in the
ℓth cluster. 𝜇r

ℓ𝑝(𝜈
r
ℓ𝑝) and 𝜇t

ℓ𝑝(𝜈
t
ℓ𝑝) are the azimuth (elevation)

spatial directions of arrival and departure, respectively. The
vectors ar(𝜇

r
ℓ𝑝, 𝜈

r
ℓ𝑝) and at(𝜇

t
ℓ𝑝, 𝜈

t
ℓ𝑝) are the receive and

transmit array steering vectors.Assuming that the channel is
sampled at interval 𝑇samp and combining indices in (1), we
obtain
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where 𝑘 is the sample index, 𝜂𝑧 = 𝑇samp𝜔𝑧 is the normalized
Doppler frequency and 𝑍 =

∑𝐿
ℓ=1 𝑃ℓ is the total number of

propagating rays. Each ray is characterized by the parameter
set {𝛽𝑧, 𝜇
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a common parameter set, but different rays may have one or
more equal parameters. Note that (2) is valid for all array
geometries. We consider a channel with an 𝑁1×𝑁2 and 𝑁3×
𝑁4 UPA at the transmitter and receiver, respectively. For a
𝑁 ×𝑀 UPA, the array response vector is defined as1

a(𝜇𝑧, 𝜈𝑧) =
[
1, ⋅ ⋅ ⋅ , 𝑒𝑗(𝑛𝜇𝑧+𝑚𝜈𝑧), ⋅ ⋅ ⋅ , 𝑒𝑗((𝑁−1)𝜇𝑧+(𝑀−1)𝜈𝑧)

]
(3)

where 0 ≤ 𝑛 < 𝑁 and 0 ≤ 𝑚 < 𝑀 are the indices of the
antenna elements. We assume that 𝐾 samples of the channel
are known from estimation and denote the estimates as

Ĥ(𝑘) = H(𝑘) + W(𝑘) (4)

where N(𝑘) is the additive complex Gaussian noise.

III. THE PROPOSED 3D PREDICTION METHOD

Given the model in (2) and the 𝐾 samples in (4), our aim is
to estimate the number of dominant rays 𝑍 and the parameter
set {𝛽𝑧, 𝜇
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extrapolation of the channel. The procedures required for the
prediction are presented in this section.

A. Data Preprocessing

Letting ĥ(𝑘) = vec[Ĥ(𝑘)] be an 𝑁1𝑁2𝑁3𝑁4 × 1 vector
obtained by stacking the columns of (4), we form the Hankel
matrix

D̂ =
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⎤
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1The definition of the spatial directions 𝜇 and 𝜈 in terms of the azimuth
and elevation angles of arrival/departure depends on the array orientation.

where 𝑄 = 𝐾 − 𝑅. The covariance matrix is then estimated
from (5) using

R̂ = D̂D̂𝐻/(𝑁1𝑁2𝑁3𝑁4𝑅) (6)

where [⋅]𝐻 denotes the Hermitian transpose.

B. Joint Parameter Estimation

Using the eigenvalues of R̂, we estimate the number of
dominant rays, 𝑍 using the minimum mean squared error
(MMSE)–minimum description length criterion [12]. In or-
der to estimate the parameters {𝛽𝑧, 𝜇
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utilize a 5D extension of the Unitary ESPRITapproach2 [11]
. By applying forward backward averaging on (6), we obtain
a centro-Hermitian covariance matrix which is coverted into a
real-valued matrix, thus
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where ∗ denotes the complex conjugate operation, Π𝑚 is the
𝑚 × 𝑚 exchange matrix with ones on its antidiagonal and
zeros elsewhere, and Q𝑚 is a unitary left-real matrix, defined
as
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Letting Us be the signal subspace matrix having the eigenvec-
tors corresponding to the 𝑍 largest eigenvalues of Ĉ in (7),
we form the following invariance equations

K𝑖,1UsΛ1 = K𝑖,2Us; 𝑖 = 1, 2, ⋅ ⋅ ⋅ , 5 (9)

where K𝑖,𝑗 ; 𝑗 = 1, 2 are transformed selection matrices

K𝑖,1 = 2 ⋅ Re{Q𝐻
𝑇 J𝑖,2Q𝑇 }

K𝑖,2 = 2 ⋅ Im{Q𝐻
𝑇 J𝑖,2Q𝑇 } (10)

where Re{⋅} and Im{⋅} denotes the real and complex part of
the associated matrix, respectively. The selection matrices J𝑖,2

are defined as

J1,2 = [0𝑁1−1 I𝑁1−1]⊗ I𝑁2
⊗ I𝑁3

⊗ I𝑁4
⊗ I𝑅

J2,2 = I𝑁1
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⊗ I𝑁4
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⊗ [0𝑁4−1 I𝑁4−1] ⊗ I𝑅

J5,2 = I𝑁1
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⊗ I𝑁4

⊗ [0𝑅−1 I𝑅−1] (11)

After solving the equations in (10) in the least sense, the
parameter estimates are obtained using

𝝁̂𝑖 = 2 ⋅ tan−1(diag[eig{Λ𝑖}]); 𝑖 = 1, ⋅ ⋅ ⋅ , 5 (12)

where diag[⋅] and eig{⋅} represents the diagonal entries and
eignevalues of the associated matrix, respectively.

2The ESPRIT based approaches in [13] can also be extended to 3D
propagation following a similar procedure as presented in this Section.



C. Complex Amplitude Estimation

Let ĥ11 = [ℎ̂11(0), ⋅ ⋅ ⋅ , ℎ̂11(𝐾 − 1)]𝑇 be the 𝐾 samples
of the channel between the first transmit and receive antenna
element. Using (2) and the parameter estimates in (12), ĥ11

can be expressed as

ĥ11 = F̂𝜷 + w (13)

where F is the Vandermonde matrix

F =
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⎤
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By minimizing the miminum mean square error (MMSE) in
(13), we obtain

𝜷̂ = (F̂𝐻F̂)−1F̂𝐻 ĥ11 (15)

IV. 3D PREDICTION ERROR BOUND

In this section, we derive closed–form expression for the
error bound on the prediction of 3D MIMO channels in the
asympotic limit of large array sizes and/or number of samples.

A. Prediction Bound

Let the parametrization of the 3D channel be defined as

Θ =
[
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]
(16)

ℜ[⋅] and ℑ[⋅] denote the real and imaginary parts of the
associated complex number, respectively. Following similar
procedure presented in [14], the prediction error bound can
be obtained using
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The matrices P0 –P5 are obtained for the 3D channel as
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Fig. 1. Normalized Mean Squared Prediction Error versus horizon for both
UESPRIT and ESPRIT based approaches. UPA with different array sizes are
considered.

B. Asymptotic Bound

Following similar procedure presented in [14], the Fisher
Information Matrix (FIM) for the 𝑧th path is obtained as

𝔍𝑧 = 𝑎

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

2 0 0 0 0 0 0
0 2 0 0 0 0 0

0 0
2𝑁2

1

3
𝑁1𝑁2

2
𝑁1𝑁3

2
𝑁1𝑁4

2
𝑁1𝐾
2

0 0 𝑁1𝑁2

2
2𝑁2

2

3
𝑁2𝑁3

2
𝑁2𝑁4

2
𝑁2𝐾
2

0 0 𝑁1𝑁3

2
𝑁2𝑁3

2
2𝑁2

3

3
𝑁3𝑁4

2
𝑁3𝐾
2

0 0 𝑁1𝑁4

2
𝑁2𝑁4

2
𝑁3𝑁4

2
2𝑁2

4

3
𝑁4𝐾
2

0 0 𝑁1𝐾
2

𝑁2𝐾
2

𝑁3𝐾
2

𝑁4𝐾
2

2𝐾2

3

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(26)

where 𝑎 = 𝑁1𝑁2𝑁3𝑁4𝐾/𝜎2. On inverting (26), we obtain
the asymptotic bound on the parameter estimates covariance
as
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Similarly, the asymptotic normalized mean square error bound
(ANMSEB) is obtained as

ANMSEB(𝑘) =
𝑍𝜎2

8𝑁1𝑁2𝑁3𝑁4𝐾

[
33− 36𝑘

𝐾
+

39𝑘2

𝐾2

]
(28)

V. NUMERICAL SIMULATIONS

In this section, we evaluate the performance of the proposed
prediction scheme and compare with the derived asymptotic
error bound. We consider a mmWave MIMO channel with



TABLE I
SUMMARY OF MMWAVE AND MCWAVE NLOS LARGE SCALE AND SMALL SCALE PARAMETERS

Variable Model Parameter Values

mcWave 28 GHz 73 GHz

Omni. path loss, PL Scen. Dependent 𝛼 = 72, 𝛽 = 2.92 𝛼 = 86.6, 𝛽 = 2.45

Number of Clusters, K 8 – 20 𝜆 = 1.8 𝜆 = 1.9

Horizontal cluster central angles 𝜃, 𝜙 ∼ N(30.8, 12.5) 𝜃, 𝜙 ∼ U(0, 2𝜋)

Vertical cluster central angles 𝜗, 𝜑 ∼ N(66.9, 15.1) 𝜗, 𝜑 ∼= LOS elevation angle

AOA/AOD Wrapped Gaussian Wrapped Gaussian around central angles
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Fig. 2. CDF of prediction error as a function of SNR for a prediction horizon
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Fig. 3. Comparizon of the performance of proposed UESPRIT based scheme
with asymptotic prediction error bound for a mmWave channel.

parameters presented in Table I. We consider a MIMO system
with UPA at both ends of the link. The inter-element distance
of the array is chosen as 1/2𝜆 and the array orientation is
assumed to be in the x - z plane. Without loss of generality, we

limit the size of the rectangular array to a maximum of 4× 4
(equivalent to 16 array elements). The channel is generated
randomly using the parameters in Table I and the model in
Section II. Except where otherwise stated, a mobile velocity
of 50𝐾𝑚/ℎ is considered in our simulations and results are
averaged over 1000 realizations of the channel.

In Figure 1, we compare the performance of the proposed
Unitary ESPRIT based prediction approach with classical
ESPRIT based method in existing literature. We plot the
normalized mean square error (NMSE) versus the prediction
length (in wavelengths) at a signal to noise ratio (SNR)
of 10 dB. We observe that the prediction performance de-
grades with increasing prediction horizon for both array sizes
considered. No significant difference is observed between
the reduced complexity method proposed in this paper and
the existing ESPRIT based method. It should be noted that
although, our scheme show similar performance with ESPRIT
approach. The performance is achieved at a significantly lower
computational complexity. This is advantageous considering
the array geometry for 3D propagation and the large number of
array elements in millimeter wave applications. As expected,
increasing the array size decreases the NMSE. A plausible
explanation for this is that an increase in array size reveals
more structure of the channel resulting in improved estimation
of the channel parameters and hence, better prediction. Similar
observations are made in Figure 2, where we plot the cumula-
tive distribution function (CDF) of the prediction normalized
square error (NSE) against the SNR.

Figure 3 compares the performance of the proposed method
with the asymptotic error bound derived in Section IV. We plot
the NMSE/error bound versus SNR for a prediction horizon
of 1𝜆. We observed that the performance of the propose
algorithm approaches the error bound with increasing SNR.
For instance, while the difference between the bound and
prediction error for a system with 2×2 - UPA at both ends is
about 9 dB at SNR =0 dB, the difference is only about 2 dB
at an SNR of 5 dB.

VI. CONCLUSION

We have developed a reduced complexity method for the
prediction of millimeter wave multiple input multiple output
(MIMO) wireless channels in this paper. The proposed scheme
extract the azimuth and elevation spatial parameters as well



as the Doppler frequencies from noisy 3D channel estimates
using multidimensional unitary ESPRIT (UESPRIT) . Unlike
existing 2D approaches, Uniform Planar Arrays (UPA) are
considered at both the transmit and receive end of the system
in this paper. An asymptotic closed form expression on the
prediction of 3D MIMO channels have also been derived.
Our results show that the proposed scheme offer similar
performance compared with the classical ESPRIT based ap-
proaches and is asymptotically efficient for the SNR ranges
considered. Application of the proposed scheme in typical
system architectures utilizing both TDD and FDD is the focus
of our ongoing research.
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