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Fig. 1. The geometrical relationship between the UCA at BS and users in
the same plane.

P _ B(2m—1—M)
subcarrier is denoted by f,, = f. + =537 Thus, the

received signal at the m'" subcarrier could be expressed as
Ym = pHyHnFAFD,mSm + 1y, (1)

where H,, € CN*Nr denotes the channel, Fy, € CN*Ns
and Fp ,,, € CN=*Ns denote the analog precoder and digital
precoder, respectively. Note that since the digital precoder
is conducted before digital-to-analog converters (DACs), it
could be performed subcarrier by subcarrier and therefore is
frequency-dependent. On the contrary, the analog precoder im-
plemented by PSs introduces frequency-invariant phase shifts
at different frequencies. Thus, F'» is frequency-independent
with additional constraints |[Fal; ;| = ﬁ The transmit-
ted signal s,, € CM>! and noise n,, € CN*! follow
E(sisf) = &Iy, and n,, ~ CN(0,021), respectively.

Adopting the classical Saleh-Valenzuela channel model [4],
the wireless channel could be written as

L
N .
H — ﬁ > g an(@ali(e)

where a,, (-) and a,,(-) denote the beam steering vectors at the
BS and user, respectively. Notation g;, 73, ¢;, and ¢; denote
the path gain, delay, angle of departure and arrival of the ['!
path, respectively. The expression of beam steering vector can
be viewed as frequency response vectors of impinging waves,
which are highly dependent on the array geometry. As shown
in Fig. 1, beam steering vector of UCA can be written as [3]

an (o) = % edmm cos(é—=2o) . oinm cos(¢—¥n1 )}T
g N 7 )
(3)
where M = @fm form=1,2,--- , M and 1/}?1 = % for
n=0,1,---, N—1. While at the user side, ULA is employed

to fulfill the more strict requirements on the array deployment,
where the ULA’s beam steering vector could be expressed as

1 omdfm 27 (N 1)df m
= _ J—Im o gin S om
Am(p) = [1767 e

VN

sin ¢

“4)
III. BEAM DEFOCUS EFFECT IN UCA SYSTEMS

In hybrid precoding architectures, the analog precoder and
digital precoder are combined to generate directional beams
and mitigate interferences to simultaneously harvest the spatial

multiplexing gain and beamforming gain [1]. Specifically,
analog precoding is aimed at forming high-gain beams by
performing constructive interference in desired directions. To
achieve this goal, PSs are elaborately designed to compen-
sate for the phase differences between different antennas. It
has been revealed that PSs could only generate frequency-
independent phases [2]. However, note that phase differences
between different antennas change with frequency in beam
steering vectors (3) and (4). Therefore, to perfectly compensate
for the phase differences between antennas, the required phase
shifts also need to be frequency-dependent. This mismatch will
result in the degraded beamforming gain in wideband systems.
Recently, it has been demonstrated that this mismatch has
given rise to the beam split effect in ULA systems [2]. With
the beam split effect, the single beam will split into beams
pointing in different directions at different frequencies, which
dramatically decreases the beamforming gain. Nevertheless,
the beam split effect is only restricted to ULA systems. As
the array geometry varies from linear to circular, a different
effect will engage, which shall be discussed as follows.

Lemma 1. If the frequency-independent beam steering vector
a.(¢) is employed to perform beamforming, the achieved
beamforming gain at f,,, in desired direction ¢ follows

Gm(ac(¢>7 ¢) = |a7Hn(¢)a(‘(¢)|

1 N-1
_ e_j(nm_UC) Cos(d’_wn)
N2

ol (227t =)

Cc

~ | Jo(Mm — 1e)| =

)

)
where Jy(-) denotes the zero-order Bessel function of the first
kind, n,, = 2= f,, and 5, = 2L f,.

C c

Proof. The proof starts from the Jacobi-Anger expansion of
Bessel functions [5], which is written as

D DA ©

S§=—00

where J,(-) denotes the s-order Bessel function. By substitut-
ing (6) into (5) and exchanging the summations, we obtain

o) N—-1
Z 35 Js(ne — nm)ejw Z e Is¥n|
n=0

§=—00
(7
Then, the summation over n could be expressed as the
piecewise function as

a) 1
Gm(ac(9), ) (:) N

ey N, s=N-t,teZ
D erittn = (8)
0, s#N-t,tel.

n=0

The piecewise function equals zero except on integral multi-
ples of N. We assume that IV is large enough, which has been
a common assumption in the research of UCA systems [6].
Then, the value of |.Jj,(x)| could be assumed negligible for
large s [6]. Therefore, |.J|5(x)| ~ O could be obtained for
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Fig. 2. The beamforming gain achieved with frequency-independent phase
shifts at different frequencies.

s = N -t with t # 0 and large N. Finally, the summation
could obtain an accurate approximation with s = 0, written as

Gm(ac(9),®) = |Jo(ne — nm)l = [Jo(m —ne)l, (9)
which completes the proof. ]

Remark 1. This lemma characterizes the beamforming
loss resulting from the mismatch of generated frequency-
independent phase shifts and required frequency-dependent
phase shifts in the frequency domain. According to the prop-
erty of Jo(z), the beamforming gain employing PSs could
only achieve the maximum when f,,, = f., i.e. at the central
frequency. Perfect constructive interferences could not form
at any subcarrier other than the central frequency, introducing
undesired beamforming loss across the wide bandwidth. In
addition, we note that the beamforming gain is independent
of ¢, which results from the axial symmetry of UCA.

To demonstrate how serious the loss is, the beamforming
gain at different frequencies is plotted in Fig. 2, with f. = 30
GHz and B = 4 GHz. The BS is equipped with a 256-element
half-wavelength spaced UCA. It is shown that the optimal
beamforming could only be achieved at the central frequency,
which is consistent with Lemma 1. According to the overall
downtrend of |Jy(x)|, a larger bandwidth will overall result
in a more severe beamforming loss, indicating that wideband
communications with UCA will suffer from severe loss.

Although this phenomenon may seem very much like the
beam split effect for ULA, we shall illustrate the distinction of
this phenomenon fundamentally different from the beam split
effect as follows.

Lemma 2. If the frequency-independent beam steering vector
a.(¢o) is employed, the achieved beamforming gain at fre-
quency f,, in any direction ¢ could be expressed as

Gm(ac(¢o), 9) = |an(9)ac(¢o)| = |Jo(€)],

where parameter ¢ is defined as

€ = V02, + 12 = 20mne cos(6 — o). (11)
Proof. The proof can be seen in [7] Appendix A. |

(10)

This lemma characterizes the beam pattern in the angular
domain. According to the property of Jy(-), the beamforming
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Fig. 3. Comparison of beam split effect and beam defocus effect in the angular
domain. Both systems are designed to generate beams towards sin(¢) = 0.5
at central frequency. f;, = 28.5 GHz and f. = 30 GHz denote the lowest
frequency and central frequency, while fp; is defined as fa; = %

gain could only achieve maximum when £ = 0, i.e. f,,, = f.
and ¢ = ¢o. Note that if ¢ = ¢ is assumed, the result in
Lemma 2 will degrade into Lemma 1. Therefore, Lemma 2
depicts a more general case where ¢ can be arbitrarily selected.
At frequency f,, # f., beamforming gain could not reach 1
in any direction. As a consequence, high-gain beams could
not form except at the central frequency. This phenomenon is
fundamentally different from the beam split effect with ULA,
where high-gain beams split into separated physical directions
but remain the optimal beamforming gain.

To clearly illustrate their differences, a comparison of the
beam pattern in the angular domain is shown in Fig. 3, where
different colored lines represent the beam pattern at different
frequencies. Specifically, the high-gain beams slightly squint
from the desired direction but retain the same beam pattern in
the beam split effect, as shown in Fig. 3(a). On the contrary, the
beam pattern is severely distorted at non-central frequencies in
Fig. 3(b). The high-gain beams no longer exist in any direction,
which is consistent with Lemma 2. Since it is similar to
the defocus phenomenon in photography where the photo
becomes blurred due to failed focusing, we name it the beam
defocus effect. In addition, the colored solid lines in Fig. 3(b)
denote the accurately calculated beamforming gain while the
black dashed lines denote the estimated beamforming gain
with (10). The consistency of the solid and dashed lines
indicates that (10) could achieve accurate estimations.
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Fig. 4. Comparison of hybrid precoding architecture and DPP architecture.

IV. DPP ARCHITECTURE TO ALLEVIATE THE BEAM
DEFocCUS EFFECT

As discussed in previous sections, severe beamforming loss
will be introduced in classical PS-based hybrid precoding
architectures due to the beam defocus effect, which remarkably
worsens the received signal quality across the bandwidth.

To break the hardware constraints of PS which could only
generate frequency-independent phase shifts, true-time-delays
(TTDs) have been incorporated into hybrid precoding architec-
tures [2]. In this architecture, delays of TTDs and phase shifts
of PSs are combined to produce frequency-dependent phase
shifts to cope with the beam split effect in ULA systems,
which is also called the DPP architecture.

Noting that despite different manifestations, beam split
effect and beam defocus effect share the same root cause,
that is the mismatch of the generated frequency-independent
phase shifts and required frequency-dependent phase shifts.
Inspired by this discovery, we propose to generalize the DPP
architecture originally employed in ULA systems into UCA
systems to alleviate the beam defocus effect. Different from the
classical hybrid precoding architecture in Fig. 4(a), the DPP
architecture additionally introduces a TTD network to generate
frequency-dependent phase shifts, as shown in Fig. 4(b). In this
paper, we assume each RF chain connects to i TTDs and each
TTD connects to P = % antennas in a sub-connected manner.

Based on the DPP architecture, the TTD-PS analog precoder
corresponding to the I** channel component is expressed as

b, = blkdiag(F;)pi,m, (12)

where F; = [fi1,f12,-++ ,fi k]| and p;;m € CK*! represents
phase shifts generated by K TTDs. Note that each column
of F; corresponds to the frequency-independent phase shifts

linking to one TTD, the element of which has the constant
modulus constraint |[f; ;]| = \/iﬁ Roughly speaking, phase
shifts generated by TTDs can be linear to frequency’.

Then, the analog precoding design could be decomposed
into two components, i.e. frequency-independent f;; and
frequency-dependent p; ,,,. Therefore, the objective of analog
precoding is to maximize the beamforming gain with b, ;.

Note that PSs work well in narrowband systems but fail
to meet the frequency-dependent phase shift requirements in
wideband systems. A natural method is first designing PSs
to align the beam towards the desired direction at central fre-
quency, like in narrowband systems. Then, TTDs are designed
to compensate for frequency-dependent residual components
in each subarray, aiming to mitigate the beam defocus effect.
Following this method, F; could be designed as

F; = [ac(d1)1,ac(d1)2, - sac(d) k], (13)

where a.(¢;); € CP>1 denotes the i*" subvector of a.(¢;).
Then, the delays of TTDs could be obtained as follows.

Lemma 3. Optimal designed p;,, compensating for
frequency-dependent residuals of {*" path can be written as

[P1,m|x = exp {jT(fm — fe)cos (¢ — ék)} , o (14)

where 0, = ZF + W, [Pi.m]k denotes the k' element
of p;.m. The corresponding beamforming gain follows

P—1
1
G (b1, 61) & 5 D Jo(Ri), (15)
i=0
where R; = 2\/2”R(fm - fc)\/l — cos (7(2ijrv1)” - %)
Proof. The proof can be seen in [7] Appendix B. |

The result is consistent with the intuition that one TTD
should compensate for the frequency-dependent residuals at
the center of each subarray to obtain a good compensation
performance. Despite the similar usage methods of TTD
networks, the possibility of TTD being applied in different
array geometries and the principle of compensating residuals at
the center of subarrays are first illustrated. In addition, we find
that the assumption of delays linear to subarray indices is only
applicable in ULA systems, and should be relaxed for different
array geometries. Through this lemma, we can see that the
beamforming gain after introducing TTDs is highly dependent
on the choice of K. Due to the difficulty in extracting the
relationship between beamforming gain and K, we seek a
more succinct expression of beamforming gain as follows.

Corollary 1. Assuming a large K, the beamforming gain with
DPP architectures obtained in (15) could be simplified as

1.3 a2
B(=1,2. -4
1 2(27 72a 4)

't is worth noting that a pure delay of TTD results in phase shifts in
proportion to frequency. Nevertheless, the frequency-independent term could
be realized through PSs. Therefore, we relax the constraint of TTDs from in
proportion to frequency to linear to frequency here.

Gm(bm7l7¢l) ~ (16)

)
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where the notation 1 F5 represents the generalized hypergeo-
metric function and a = 2% B (fn — fo)-

Proof. The proof can be seen in [7] Appendix C. ]

Although the special function ;F5(-) in (16) seems com-
plicated, it is still a one-variable function over a. According
to the overall downtrend of 1F2(2, 1, g, —%) against x, we
can sketchily conclude that a larger number of TTDs will
contribute to an increased beamforming gain, which also
makes intuitive sense.

Next, we shall introduce the whole precoding algorithm
consisting of digital precoder, analog precoder implemented
by TTDs, and analog precoder implemented by PSs. Based
on DPP architectures, the received signal can be rewritten as

= VPHLEFSFLUDFD s + (17)

where FES and FTTD denote the analog precoding corre-
sponding to the PS network and TTD network, respectively.
According to the functional principle of TTDs, the phase shift
generated by TTD has to be strictly proportional to frequency,
written as —27 f;,,t where ¢ denotes the delay. Noticing that the
optimal phase shifts required for the k" TTD in equation (14)
have two separated components, written as
4[pl,m]z = _g COS (¢l - ok) fc + @ COSs ((bl - ak) fma
(18)
where the former is frequency-independent while the latter
is exactly proportional to frequency f,,. Therefore, we can
realize these two components with PS and TTD, respectively.
Thus, the required time delay for the k" TDD corresponding
to the I'" path has to satisfy
Ot = T cos (61— O0) e (19
Then, we can obtain t;, = —£ cos (¢; — ;). In addition,
since TTD has an additional constraint ¢; > 0, a global time
delay needs to be added to all TTDs without influencing the
beamforming performance, written as

tiy = (20)

R _
= (1 — coS (d)l - Hk)) >0
Finally, the TTD-based analog precoder can be written as

,27rfmfz,1,e*27ffmt~1,2’,,, 727Tfm’t‘l‘K]T. 21

51,771 = [6 ,€

So far, the frequency-dependent component of phase shifts
has been realized. After combining the frequency-independent
component in (18) into the original analog precoder F; in (13),
the modified PS-based analog precoder F'; can be written as

fip = ac(d)re” (22)

where E,k denotes the k™" column of ﬁi . Finally,
FXS can be constructed with p; ,,, and Fy, respectively.

The proposed DPP algorithm is summarized in Algo-
rithm 1. We first rearrange the channel components in de-
scending order, trying to deal with the most significant channel
components, as shown in line 1. Following the same procedure

228 cos( ¢y —0x ) fe
)

F1™ and

Algorithm 1 DPP algorithm for UCA.

Input: Channel H,, and angles ¢;

Output:  Analog and digital precoders FL5, FXE? , Fpom
1: Rearrange the order of channel components |g1| > |ga| >

- > |grr| and obtain corresponding {$1,- -« , drF};
2: for [ =1,2,--- , Ngr do
3:  Construct the beam steering vector a.(¢;) by (3);
4. fork=1,2,--- ,K do _
5 Determine phase shifts of PS f; ; by (22);
6: Determine delay for £ TTD t;;, by (20);
7. end for _ _
8 Construct F; = [f; 1, - ,flLK}; -
9 Construct 5l,m — [e—ﬂﬂfmtz,l Lo 7e—j27ffm,tz,K]T;
10: end for _ _
11: Construct F{S = {blkdiag(Fl)7 e ,blkdiag(FNRF)};
12: Construct FTTD blkdiag ([P1.m: " » PNre,m));
13: Obtain the equlvalent channel Heq m = HfiFPSFTTD

— H .
with Heq m T Ueq,mzeq, Veq m>

14: Determine the digital precoder Fp ,;, = Veg mA;

15: return FES, F1™D and Fp ,,.

above, the PS-based analog precoder can be constructed as
lines 3, 5, and 8, and the TDD-based analog precoder can
be constructed as lines 6 and 9. Then, by concatenating the
derived precoders for each RF chain, the analog precoder can
be obtained in lines 11-12. Finally, we can follow the classical
water-filling procedure, using the singular value decomposition
(SVD) to obtain the digital precoder, as shown in lines 13-14.

V. SYSTEM PERFORMANCE ANALYSIS

th subcarrier can be

> , (23)

_ FPSRTTD
=F°Fy .

The spectrum efficiency at the m
expressed as

Np H/F,Fp,, FE, FIH,,

s0 n

R, =log, (’I +

where F'o can be further decomposed as F'a )
According to [4], when the number of RF chains exceeds the
number of resolvable paths, the spatial multiplexing gain could
be fully harvested. Then, by assuming SVD of the channel
H/! = U,,%,, V]l and extracting the significant sub-channels
as 2 = [En]1:n. 18, and V,, [V ].1:N,, the spectrum
efficiency can be reformulated into

) ;@b

where V. oq = FE FTTDHERSHY  We adopt the linear
transformation in [4] which reformulates the unitary matrix
V,, with a list of orthogonal steering vectors, expressed as

(25)

P 2 x7H
R, =1 I 2V
0go (’ + N.g2 —m " meq

s¥n

Vm,eq

" o~ opt
Vo Ay FPL

where A, = [am(¢1), - ,am(¢n.)] and FODijn denote
the optimal digital precoder maximizing the spectrum effi-
ciency [4]. When the number of antennas tends to infinity, the
steering vectors could form an orthogonal basis, indicating that
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Fig. 5. Illustration of the beamforming gain with DPP architectures.

A, is a unitary matrix. Since A ,, and \N/'m are both unitary,
when FRSFATD = A, ,,, and Fp ,, = F{}, are satisfied, the
maximum spectrum efficiency could be obtained.

However, due to the beam defocus effect in UCA systems,
FSFRTD = Ay, could not be perfectly obtained. Therefore,
the key factor influencing the spectrum efficiency lies in the
analog beamforming gain, which can be expressed as

H
(FAFRT Agn)” FRDTFRST A,
= blkdlag ([G?n(b’”hl? ¢1), cee 7G72n(bm,Nsv (Z)NS)}) .

Noting that the beamforming gain G, (by, s, ¢;) is indepen-
dent of angles, the spectrum efficiency can be expressed as
P 2 2
G (b, 90) 25,

m
Nso2 >

2

0) p 13 a2\’

~ log, I+N¢721F2<2;1’2;_4 D=
27

s¥n
where equation (a) is obtained due to the independence of G,
and ¢; and approximation (b) is derived from the conclusion
in Corollary 1. A larger K will result in a smaller a, where
the spectrum efficiency is expected to be further enhanced.

VI. SIMULATION RESULTS

(26)

R, @ log, (‘I +

We consider a mmWave wideband communication system
with central frequency f. = 30 GHz and bandwidth B = 3
GHz. A 256-element UCA is equipped at BS to serve a single
user equipped with a 4-element ULA.

The beamforming gain with 8 TTDs and without TTDs
is plotted in Fig. 5. It can be seen that the introduction of
TTD has significantly improved the beamforming performance
compared with classical hybrid precoding. The green dashed
line perfectly covers the blue and black lines, revealing that
approximations in (15) and (16) achieve high accuracy.

The comparison of spectrum efficiency over different pre-
coding algorithms with 16 TTDs is plotted in Fig. 6. The base-
lines include digital precoding, optimization-based method [8],
and spatially sparse precoding [4]. It can be seen that (27)
obtains accurate estimation, and DPP architecture outperforms
optimization-based method and spatially sparse precoding and

45 T T T T T T ]
— — Digital precoding :
40 Estimation of DPP with (27)
—&— Proposed DPP algorithm

35 Wideband optimizaiton method
—&— Spatially sparse precoding

Spectrum Efficiency (bit/s/Hz)

SNR (dB)

Fig. 6. Comparison on the spectrum efficiency over different SNRs.

achieves about 95% performance of digital precoding. The
reason lies in that the optimization-based method only aims
to achieve a balanced beamforming gain across the bandwidth.
Instead, DPP could generate frequency-dependent phase shifts,
expected to obtain ideal beamforming gain at any frequency.

VII. CONCLUSION

In this paper, the mechanism of the beam defocus effect
in UCA systems is investigated for the first time. The dis-
persed beam pattern in the angular and frequency domain
are characterized, and the DPP architecture and corresponding
precoding algorithm are introduced to mitigate the beam
defocus effect in UCA systems. The discussions of multi-user
MIMO communication scenarios are left for future research.
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