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Optimizing the mmWave Channel Estimation
Duration by Rate Prediction

Jeongwan Kang, Nil Garcia, Henk Wymeersch, Carlo Fischione, Gonzalo Seco-Granados, Sunwoo Kim

Abstract—In millimeter-wave (mmWave) wireless communica-
tions, the duration of the channel estimation plays a major role
to establish the links before data transmission. However, fixed or
long channel estimation can substantially hinder the achievable
transmit data rates. In this letter, we propose a new scheme
that optimizes the channel estimation duration to establish the
link between the base station (BS) and a mobile station (MS)
in mmWave communications. Before pilot transmissions, the
BS predicts the downlink effective rate that would be achieved
after channel estimation with the pilot precoder and compares
this predicted rate with the current rate, based on the current
channel estimates. The proposed scheme optimizes the mmWave
channel estimation duration by ending pilot transmissions when
the predicted rate is lower than the current rate.

Index Terms—channel estimation duration, rate prediction,
CRB, mmWave, MIMO

I. INTRODUCTION

In most wireless communication systems, the channel esti-
mation is performed by sending pilots to establish the link [1].
Recently, millimeter-wave (mmWave) communications have
become widely accepted in 5G to boost data rates, but require a
large number of pilot transmissions to estimate the channel [2],
which limit their use to low-mobility applications. This leads
to a trade-off between the channel estimation overhead and
the downlink effective rate [3].

Various efforts have been made to improve the downlink
effective rate by reducing the channel estimation duration
in mmWave communications. For example, exhaustive and
hierarchical designs are introduced in [4]. System-level (frame
length, training time, and bandwidth) optimization [5], pilot
overhead optimization for short-packet transmission [6] and
compressed sensing training [7] have been introduced to
reduce the channel training time. The fast channel estimation
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Fig. 1. An illustration of the mmWave downlink channel using precoders and
combiners.

based on overlapped beam pattern design [8] and localization-
assisted beam selection [9] have been proposed to reduce
the beam training overhead. These approaches can reduce
the channel estimation duration, but they still use a decided
duration that is fixed (and therefore highly sub-optimal) before
pilot transmissions.

In this paper, we seek to find the optimal channel estimation
duration for a multipath channel. We consider a geometrical
parameterization of the mmWave channel, based on the angle-
of-departure (AoD), angle-of-arrival (AoA), and channel gain
of each individual paths [1]. The Cramér-Rao bound (CRB)
of mmWave channel parameters can be derived as in [10]
and the pilot precoder that minimizes the CRB of the angle
estimates without beam sweeping is adopted to transmit pilots
[11]. The channel error covariance that would result from
the transmission by the BS of pilots through the precoder
can be predicted without actually realizing the transmission.
Therefore, the downlink effective rate can be predicted before
sending pilots. We develop a scheme where the current rate
and predicted rate are compared to each other and based
on this, a decision on whether the BS needs to continue
transmitting pilots is taken.

To the best of our knowledge, while beam alignment pro-
tocols or channel estimation schemes have been developed
to optimize the channel estimation duration, this duration is
always set a priori, before the channel estimation commences.
In contrast, we propose a new adaptive method that decides the
channel estimation duration during execution. The proposed
scheme is capable of balancing the channel estimation dura-
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Fig. 2. Frame structure consisting of three phases [3] (initial beam sweeping
(IBS), channel estimation and data transmission).

tion and the estimation accuracy to maximize the downlink
effective rate.

II. SYSTEM MODEL

We consider a mmWave system where the BS and mobile
station (MS) are equipped with uniform linear arrays (ULA)
of Nt and Ng antennas, respectively, as shown in Fig. 1.
We assume that there is a feedback channel between the BS
and MS. The narrow-band flat fading downlink channel H €
CNrxNT in which the bandwidth is much smaller than the
carrier frequency is [12]

L—1
H = aan(d)al,(60), (1)
1=0
where o ~ CA(0,1) is the complex channel gain, 6; and ¢,
are the AoD and AoA of path [. The array vectors at BS and
MS are denoted as at(6;) € CVNT*! and ag,(¢;) € CNrx!
and are given by

. . T
aTx(gl) _ [17 e cos 6’1’ s e‘]‘ﬂ'(NTfl) cos01:| ; (2)

B ) T
ana(9r) = [1, /7, em e T )

Note that even though we consider the flat-fading channel
model for simplicity, the proposed scheme will be applicable
to the frequency-selective channel model.

The channel is assumed to remain constant during a trans-
mission frame duration of T’s. As shown in Fig. 2, we consider
the initial access where pilots have to be at the beginning of the
frame [3]. At k-th time slot of the channel estimation interval,
the BS transmits () consecutive pilots, and each pilot s, with
E[|sq?] = 1 is precoded by the vector f;, € CNT*1 To
avoid the dependence of the transmitted energy on the number
of pilots @, all precoders are normalized to ||fk7q||§ =1/Q.
The received baseband signal yj , € CNerrx1 when 54 is
transmitted at k-th time slot, is given by

Yiq = VPWIEHS, ,5, + 1044, 4)

where Wi = [Wy 1, , Wi Npp| € CVRXVRE g a combiner
matrix associated with Nrp RF chains (Ngp < Ng), P is
the transmitted power, and ny 4 is circularly symmetric and
denoted by CN (0, 02 I gy )-

We assume that L paths are well separated in the angular
domain [13]. In addition, since the received power of the

secondary path is known to be 10 to 20 dB lower than that of
the dominant path [14], the secondary paths can be neglected.
By multiplying s;; (complex conjugate of s,), we can simplify
4) to

Yiq & VPaoWlapx(do)alt, (00)fi g + nig, (5

provided af!_(60,)f; , ~ 0 for [ # 0 and all ¢. So, the path
index [ will be omitted from now on. The observation matrix
Yi = [Yei,---»Yro] € CVRFXQ at k-th time slot is given
by

Y = VPaW lagy(¢)alt, (6)Fy + Ny, 6)

where Fy, = [fi1,...,fro] € CNTX? is the pilot precoder
and Ny, = [ng 1, ,ny o] € CNrrx@,

III. OPTIMIZING THE MMWAVE CHANNEL ESTIMATION
DURATION BY RATE PREDICTION

The proposed scheme consists of the following steps: the
acquisition of initial angle ranges, the choice of precoder,
the choice of combiner, pilot transmissions, refinement of
the channel estimate, and rate computation. In addition, we
perform a rate prediction before transmitting the next pilot,
in order to decide whether or not to stop sending additional
pilots.

A. Initial beam sweeping

At each time slot the BS sends out pilots consisting of @)
symbols to do the beam sweeping. In the course of the beam
sweeping, each beamformer at the BS and MS steers towards
Mt and Mpg equispaced directions within [0, 7], respectively.
The beamformers ar, (6, Mr) € CMr*1 and ar, (¢, MRr) €
CMrX1 are given by [15]

éTx(év MT) — {17 ej7rcos§7 s ejﬂ'(]\/IT—l)cose_}T , (7)
_ . - . 1T
5Rx(¢7 MR) — {17 el cos¢, e ejW(MR—l) cos ﬂ , (8)

where 6 and ¢ are the steering directions of the BS and
MS, respectively. The MS determines the best beam pair
maximizing the received power and feeds it back to the BS.
Initial angle ranges (R« 1 and RRx,1) are the angle coverage
of the best beams at the BS and MS, respectively.

B. Pilot precoder design with the AoD uncertainty

While any precoder can be used at k-th time slot, we
propose to use the precoder matrix F; that minimizes the CRB
of the AoD estimate introduced in [11] yields the direction
error bound (DEB) as follows:

var(9) =DEB(6, F) = [2 [bros 3

|alL (0) FFHar, (0)°
[FHar, (0|5

)]

where bry ; = WEaRX(qﬁ), ary (0) £ dar, (0) /d6 and the
signal to noise ratio (SNR) is defined as p = |a|?P/c2. Given

(I[F1ar. 0)]];



the CRB of the AoD estimate and the prior AoD range Ry i,
the precoder matrix F'j, at k-th time slot is obtained as follows:

F), = i DEB(, F), 10
k= arg min, er%mr)ik (0,F) (10)
where Ry = [ék_l — 30’9_’k_1,ék_1 + 30¢.5—1] with the

standard deviation oy 1 of the prior AoD estimates, obtained
from the channel estimation (see Section III-D).

C. Combiner design with the AoA uncertainty

For a combiner matrix, each combiner steers towards eq-
uispaced directions within the prior range of the AoA [16],
ie.,

aRx(a’k,l) 0
W, — ./ BF . 11
k NR . i ~ ) ( )
0 aRx Pk, Nur)
where ék’l, . ,gzgk, Ngp are the equispaced directions within

the prior AoA range Rrxir = [Pr—1 — 3U¢,k—1;€£k—1 +
304, k—1] with the standard deviation 04,k—1 of the prior AoA
estimates, obtained from the channel estimation (see Section
I1-D); apx(Bnpy) € COYR/Nrr)X1 pecause each RF chain
is routed to Nr/Ngr antennas only.

D. Channel estimation

While any channel estimator can be utilized, we propose
to use the maximum likelihood (ML) estimator, the error
covariance of which we approximate with the CRB (this
approximation is valid for a large number of measurements).
At the end of (k — 1)-th time slot, the user has access to the
consecutive observations Y1.5—1 = {Y1, -+ ,Yx_1}, and the
unbiased estimate 7),,_; of the 17 can be computed by

-1 = argmax f (Yi:x-1(n) . (12)
n
1) Error covariance in the channel parameter domain: The
channel parameter vector n € R**! can be defined as n =
[0, ¢, Ra, Sa] ™, where R is real part and Sov is imaginary
part of the channel gain «. The error covariance is bounded
as
N . T _
By [(Aes =) (s =)' | 235" a3)
in which J,, € R*** is the Fisher information matrix (FIM).
The FIM J,, is defined as

*Inf (Yik-1|n)
ononT ’

where In f (Y1..—1|n) is log-likelihood function of the con-
secutive observations Yy.;_1 up to the (k — 1)-th time slot
conditioned on 7). Since these observations are conditionally
independent, In f (Y. _1|n) = Y25, In f (Yy|n) in which

J, 2 -E [ (14)

)

2
Yo~ VPaWpan. ()l ()Fw |

15)
from which J,, can be easily computed, following the ap-
proach in [17].

1
Inf (Yiln) < ——

n

Since the true channel is not known at (k — 1)-th
time slot, 7;,_; is used to evaluate the FIM, denoted by
Jn(Mi—1,F1.p-1). The Iy (71, F1.5-1) is the FIM accu-
mulated from Y (transmitted by F;) to Y;_; (transmitted
by Fy_1) as follows:

k—1

Jn(ﬁkthl:k—l) = Z JT](IfIk:flka’)-
k=1

(16)

2) Error covariance in the channel domain: The error
covariance matrix Cp_1(f,_1,F1.6-1) of h = vec(H) €
CNeNtx1 can be calculated by a Jacobian transformation
matrix T € CVrNTx4;

Cro1 (1, Fraee1) = Ty )35 (A1, Frem) T )"
(17)

where the transformation matrix T = dh/0n. Consequently,
we obtain the entries of T(7),_,) replacing n with 7,,_; as

_[oh oh Oh oh

- %’%7%’% 9 (18)
where

oh .. .
50 = —ajmsinf (ary (0) ® agx (¢)), (19)
oh
% = ajrsing (al, (0) ® ai, (9)), (20)
oh

% = a’?x(e) & aRx(¢)7 (21)
oh s

8%704 =J (aTx(e) ® aRx(¢)) ) (22)

in which ® is the Kronecker product.

Algorithm 1 Optimizing the channel estimation duration
scheme by rate prediction

Initialization: Obtain initial angle ranges (Rrx,1 and
RRx,1) by performing the initial beam sweeping

1: for k=1,2,... do

2 Design Fj, to minimize DEB(6, F) from (10)

3 if £ =1 then

4 Estimate H; by transmitting pilots with F;
5: Compute C (7, F1) according to (17)

6 Design v, tg from (23) given ﬂl

7 Compute the effective rate R; from (24)

8 else

9 Predict C, (7)., F1.x) according to (26)

10: Compute the predicted rate Ry, from (27)

11: if R, > Ry,_, then

12: Estimate Hj, by transmitting pilots with F,
13: Compute Cy(7);,, F1.x) according to (17)
14: Design Vi1, Ug41 from (23) given ﬂk
15: Compute the effective rate Ry from (24)
16: else

17: The BS sends the data by v and ug

18: end if

19: end if
20: end for




E. The decision to stop pilot transmissions

At the beginning of k-th time slot, the rate can be evaluated.
The combiner u and precoder v for data transmission are
designed resorting to the maximum gain criteria:

Uy, Vi = argmax |uEI:Ik_1vk|2. (23)
e l=Lllvill=1
The rate is then
Rp_1= (24)
T; + (k — 1)T, Plal Hy_ 19, |

(1 ) log, (1 +

Tf 0%+P037k_1(ﬁk,\7k)>7

where T; is an initial channel acquisition duration, 7 is a time
slot period, and

g o1 (T, Vi) (25)

= (Vi@ )" Coo1(fly_1, Frao1) (Vi@ 1),

accounts for the channel estimation error on the down-
link effective rate. Note that the channel estimation error
02, (g, Vi) decreases over the time slot as the FIM ac-
cumulates as in (16).

Now a decision should be taken whether or not to transmit
the pilot F;. To make this decision, we consider two hypo-
thetical scenarios:

o If we don’t send further pilots, the rate is Rj_1.

o If we were to send at least one more pilot, we can predict
the channel error covariance that would be realized after
pilot transmissions as

A . “1a . T
Cr(fp—1,F1x) = T(nkq)‘]nl(nkqvFl:k)T(nkq) .
(26)
From this predicted error covariance, we predict the rate

R T, + kT,

Plal'H),_ v, |2
R,=( ) log, (1+ [6; Hye— 194
Ty

0'721 + P&g,k(ﬁk,{lk)>’
27

where

62 (0, Vi) = (Vi @ )" Culfy_y, Fre) (V7 © W)

(28)
accounts for the predicted channel estimation error on the
downlink effective rate. Note that both the prediction of
the error covariance and the rate are performed prior to
transmission of F'..

Finally, our decision rule is as follows: If I%;~c < Rj_1, the
pilot Fj, is not sent, the BS keeps the current combiner uy
and precoder v, and switches to data transmission mode with
rate Ry_q. If Rk > Rj_1, the BS transmits the pilot Fy to
generate Y, based on which the channel is estimated and
the CRB Ci(n, Fj) can be computed. The estimated channel
Hy, is distributed as hy ~ CA (h, Ci(n, F})). The decision
process is then repeated at (k + 1)-th time slot. A summary
of the proposed scheme is presented in Algorithm 1.

Regarding the complexity of the proposed scheme, most
of the procedures in the proposed scheme are carried out at
the BS where computational complexity is not an issue in
general. Also, the proposed scheme includes operations, that

—©- Current rate Rj_1
-3 Predicted rate Rk
1 e . w4 Ideal rate Rigeal i
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Fig. 3. The comparison between the current rate Rjy_ 1, the predicted rate
Ry, and the ideal rate Rjgeqr,x With the time slot.

are usually considered in a wide range of communication algo-
rithms, such as beamformer design and the CRB calculations.
Therefore, the proposed scheme is considered to be practical.

IV. NUMERICAL RESULTS

The channel gain, AoD and AoA of multipath signals are
determined based on the 28 GHz mmWave outdoor channel
model [14]. According to [14], we set L = 2 where one
dominant path and one secondary path exist. The power of the
secondary path is 10 dB lower than the power of the dominant
path. The transmitted power P is fixed to 1, and the noise
power o2 is 1/p. The 6; and ¢, are distributed uniformly on
[0, 7]. We set Mt = Mg = 4, so four beams (/4 first null
beamwidth) which are equispaced within [0, 7] are used for
initial beam sweeping [15]. In Fig. 2, we set Ty = 1607,
T; = 1675 (4 Tx beams x 4 Rx beams = 16 time slot) and
@ = 3. Both BS and MS are equipped with Ny = N = 64
and NRF =4.

Fig. 3 shows the comparison between the current rate Ry_1,
the predicted rate f{k and the ideal rate Rigea » With the time
slot. The ideal rate Rjgear under the perfect channel state
information (CSI) in the initial beam sweeping phase can be
defined as

T, + kT,

where t and v are the combiner and precoder maximizing
the gain. As shown in Fig. 3, the ideal rate Rjgeq,r is an
upper bound of the downlink effective rate and decreases over
the time slot as pilot transmission time increases. The Ry,
and Ry_; are plotted concave due to deficient or excessive
pilot transmissions. If the Rk is lower than the R;_1, the BS
decides to stop transmitting pilots and start sending the data.
As p increases, a good channel estimation can be achieved
with a relatively smaller number of pilot transmissions, which
results in the early termination of pilot transmissions (see the
intersection points).

In Fig. 4, we compare the proposed scheme to the ideal rate
Rideal,k=0 and the Rj—_; 16. The proposed scheme approaches

Rigear,; = (1

PlatHv|?
|72|>’ (29)

n
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to the Rigeal.k=0 as the p increases, and always higher than
the Ry—1 and Ry—16, as shown in Fig. 4. For the high SNR
regime, the intersection point gets smaller, and the downlink
effective rate achieved after pilot transmissions stop becomes
closer to Rj—1. Contrarily, for the low SNR regime, the down-
link effective rate achieved becomes closer to Ryi—1¢. In this
simulation, 200 Monte Carlo runs were carried out to compute
the downlink effective rate achieved by the proposed scheme,
and the intersection points were mostly located between the
time slot 1 and 16.

Fig. 5 shows the comparison between the downlink effective
rate achieved by the proposed scheme and the Rj; with the
fixed k. Note that R, with the fixed k is the downlink effective
rate achieved by sending pilots k times only, without the rate
comparison. It confirms that proposed scheme achieves the
highest downlink effective rate for different SNR scenarios.
This result was also obtained with 200 Monte Carlo runs.

V. CONCLUSIONS

We have proposed a scheme that optimizes the channel
estimation duration to maximize the downlink effective rate

by rate prediction. Prior to actual pilot transmissions, the BS
computes the predicted rate with the prior channel estimates
and pilot precoder. Comparing the predicted rate and current
rate, the BS determines whether to continue transmitting pilots.
The proposed scheme provides an elegant way of balancing
the channel estimation duration and the estimation accuracy
to maximize the downlink effective rate, and its performance
has been analyzed by numerical simulations under various
settings. Future work will be its extension to a multi-user
MIMO (MU-MIMO) system by taking into account the multi-
user interference.
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