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Abstract

Antenna arrays are a main driver of next generation millimeter-wave communication and
radar systems as shrinking antenna sizes leverage larger arrays to compensate for reduced
link budget. However, conventional phase controlled arrays exhibit a frequency dependent
scan angle that appears as loss to a fixed counterpart. Bandwidth limitations introduced by
the so-called beam squint effect hinder larger array sizes and data rates thereby generating a
demand for timed arrays as a solution. This paper gives a quantified overview of the beam
squint phenomenon, different hardware architectures as well as evaluation parameters and
common shortcomings of true-time delay (TTD) elements. A broad variety of TTD realiza-
tions from literature are compared by their operational principles and performance. Finally,
the delay interpolation principle, its non-idealities, and their impact on a hierarchically time
delay controlled D-band antenna array are described. Extended content on a previously pub-
lished, continuously tunable TTD implementation at a center frequency of 144 GHz with a
bandwidth of 26 GHz and a delay range of 1.75 ps that requires only 0.53 x 0.3 mm? of core chip
area is presented. Measurement results have been obtained from a demonstrator manufactured
in 130 nm BiCMOS technology.

Introduction

Since demands in data rate and localization accuracy are ever increasing, next generation
communication and radar systems are expected to operate in the millimeter-wave frequency
range, despite higher losses and limited semiconductor performance. Reduced transmit power,
increased noise floor, and smaller antenna geometries severely limit link budget and signal qual-
ity. Large antenna arrays are a promising solution to achieve higher transmit power by on-air
power combining and an increase in total antenna area by combination of smaller antenna
elements. Mobile communication and joint-communication-and-sensing (JCAS) applications
demand quickly reconfigurable antenna arrays that support wide steering angles in order to
ensure a good link quality in changing surroundings. However, large steering angles and wide
bandwidths give rise to beam squinting that occurs in traditional phased arrays. Beam squint-
ing causes the scan angle to change with frequency which can cause substantial loss due
to misalignment of narrow beams across a large occupied bandwidth. Therefore, effort has
been taken to develop true-time delay (TTD) elements that allow for increased instantaneous
bandwidth.

At first, the chapter “Timed and phased arrays” compares the frequency dependent behav-
ior of phased arrays with those of timed arrays and provides different approaches for timed
array hardware architectures while the subsequent chapter “TTD elements” gives an overview of
critical TTD metrics and operational principles. Additionally, the chapter “Delay Interpolation
TTD” expands system aspects and details of our previously published work about a delay
interpolation TTD in D-band [1]. Lastly, the work closes with a conclusion.

Timed and phased arrays

As shown in Fig. 1, antenna arrays can be used to emit or receive a coherent wavefront under a
certain angle 6, if the path length difference 7, is compensated by delay elements. 7, is calculated
by (1) as a function of element spacing d and scan angle 6. The delay difference of the outermost
antennas for an N-element array is given by (2)

_dsin(6y)

c

(1)

To
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Figure 2. Array factor of an eight-element, 1 mm-spaced linear array, scanned to
0, = 45° at f. = 140 GHz, controlled by (a) ideal phase shift and (b) ideal TTD.

(N —1)dsin(6,)

Ton = . o)

Beam squinting

Although the delay elements have to compensate a time delay,
in practice, phase shifters are commonly used to approximate
this behavior. For systems with moderate bandwidths and array
sizes, this proves to be a good trade-off, due to easier realization,
calibration, and especially exploitation of phase ambiguity.
However, when applied to large arrays or wideband systems,
phase shifters cause significant frequency dependency of the scan
angle 6, called beam squinting. This is due to the constant phase
shift, not corresponding with the correct time delay at all frequen-
cies of operation. Deviation of scan angle A6, at frequency f from
0y, at center frequency f . can be calculated using (1) and the phase
shifters time delay at frequency f as shown in Equation (3)

AH&f):amﬁn(?sh(%ﬁﬂAfem. 3)

As an example, an ideal 1 mm-spaced eight-element linear D-
band antenna array at a scan angle §, = 45° is observed. If phase
shifters are used, (3) yields a beam squint of —9.39° at 170 GHz
and 19.15° at 110 GHz, which matches the simulated gain patterns
shown in Fig. 2(a). An amplitude error of 5.1 dB, mainly dependent
on the main lobe width and therefore the array size, is observed.
The timed array’s pattern shown in Fig. 2(b) is not affected by beam
squinting and the related losses. It only shows a decreasing main
lobe width at higher frequencies, which is due to the larger spacing
of antenna elements d relative to the wavelength.

Instantaneous array bandwidth

For communication systems, the demonstrated amplitude loss due
to beam squinting is of main interest as it directly affects the
channel response. The normalized array factor and therefore also
the frequency response of a phase controlled linear array is given
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Figure 3. Array factor of an eight-element, 1 mm-spaced linear phased / timed
array over frequency, steered to 6, . = 45° and received at (a) 45° and (b) 50°.

by (4) [2]. Figure 3(a) shows the example case’s array factor fre-
quency response at §, = 45° that exhibits a loss of 5.1 dB at the
band edges which matches the previous observations of Fig. 2(a).
The phase response does not contain any phase or group delay dis-
tortions as it does not deviate from an ideal time delay which is 0,
if phases are referred to the center element

L (sn(50) 2nf
AF, = — | —= 2 ,qp:Tdcos@JrZﬂfCTO. (4)

gRderes

A phased array’s 3dB bandwidth can be directly calculated
from (5), resulting in 46.99 GHz for the uniformly illuminated case
(beam broadening factor By, ~ 1) [3]

0.886B,c

Ndsin(6,) " )

BWps,arr,3dB =
Considering the applicability of phased arrays to millimeter-
wave transmitter systems, a misalignment between beam direction
and actual placement of the receiver must be taken into account.
Figure 3(b) shows the normalized array factor over frequency if
the receiver is located at an angle of 50° while the phase shifters are
still configured for 45°. As some of the beams in Fig. 2(a) have a
steep slope at 45°, a drastic increase in loss is observed, while only
little additional loss is caused by the timed array.

Intersymbol interference in phased arrays

In phased arrays, only carrier phases are aligned using a constant
phase shift which has no influence on the group delay and therefore
the signal envelope remains unaffected. Thus, phased array imper-
fections under perfect beam alignment can be also described by the
envelope delay difference 7, between elements. This effect causes
intersymbol interference (ISI), similar to multipath propagation,
with a maximum path length difference of (N — 1)7,, degrading
error vector magnitude of digitally modulated signals.

A mitigation technique, including a case study for 5G signals,
using digital equalization is thoroughly described in [4]. In the
course of this work a simulation model closely following [4] has
been created as shown in Fig. 4(a) which is applied to the previ-
ous example case. The model passes a 60 GSa/s sampled impulse
through a root-raised-cosine filter, N different delays, representing
the phased array, and another root-raised-cosine filter to be finally
processed by a N + 1 tap linear equalizer.

As expected, Fig. 4(c) shows that the distortion introduced by
the array is compensated by the equalizer. Transformation into fre-
quency domain, depicted in Fig. 4(d), further shows that the array
factor loss described by this model coincidences well with the cal-
culations of the previous section. From the frequency response, it
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Figure 4. (a) Baseband phased array model with equalizer, (b) intersymbol interference of shaped and delayed impulses, (c) impulse response of undistorted, distorted, and

equalized signals in digital baseband, and (d) amplitude (solid) and phase response (dashed) of

is also apparent that the equalizer compensates the losses of the
phased array and additionally introduces a constant delay of four
symbol periods. However, as the equalizer operates in digital base-
band it requires sufficient power amplifier back-off respectively
signal-to-noise ratio to compensate the loss of array gain, which
makes it suitable if moderate loss is introduced by beam squinting.
If link budget is more severely degraded, the use of timed arrays
instead of phased arrays might be a better option to completely
avoid beam squinting.

Array architectures

Phase ambiguity greatly simplifies the realization of phased arrays
over timed arrays as covering a certain delay range is not an issue
and amplitude calibration can be directly implemented by vec-
tor phase shifters. In contrast, TTD elements often have limited
delay range, finite resolution, bigger size and are generally more
expensive, which lead to the development of several approaches for
combining TTD elements with phase shifters.

One approach is to use a dedicated control path for every
antenna element, e.g. phase shifter, TTD element, or a cascade of
both. References [3, 5] give a detailed description of array pattern
errors due to periodic control errors, e.g. introduced by quantized
phase shift or TTD that causes a triangular delay error over M,
antenna elements until My, is a multiple of the delay element’s
least significant bit (LSB). The introduced error can be modeled
as subarrays with M, elements whose scan angles deviate from
the intended scan angle 6. Thus, the zeros of the Mg-element
subarray patterns do not align with the lobes of the array of subar-
rays which is why quantization lobes appear in the array pattern.
The first order quantization lobes occur at an angle of 0y =

arcsin <sin(00) + sin(fﬁ)) and have alevel according to (6). The
Q

worst case level is reached for My = 2 which is the case if the delay
between contiguous antenna elements is 7, = 1.57gp [3]

QLdB/(dB) <S4-— 6021\]7 N = —logz(fTLSB) > 3. (6)

A second approach is to partition larger timed arrays
into smaller, sufficiently wideband, phase controlled, contiguous
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2 and the equalizer taps.
Xrx

subarrays that are time controlled at their subarray ports. This
approach increases the bandwidth according to (5) by a factor
equal to the number of M-element subarrays Q, compared to a
purely phase controlled array, effectively replacing N by M in (5).
As beam squinting causes the M-element phased subarrays’ scan
angle to deviate from the intended angle, sidelobes appear. As the
number of elements M is given by geometry, the lobes’ angles can
be calculated analogously, whereas the pth lobe level is computed

by (7) [3]
e (éAfsinGo)z

PL = .
sin’ 7 (EAfsin 6y + %)
c

™)

Additionally, quantized TTD at the subarray ports generates
another level of subarray grouping with a periodicity of MM
antenna elements. Quantization lobe levels can be calculated with
the same formula by treating the M-element phase controlled sub-
arrays as antenna elements, which reduces the quantization lobe
level due to multiplication with the subarray pattern [3, 5]. As the
periodicity Mo Md is spatially larger than Md, these quantization
lobes are closer to §, than the beam squint lobes. However, if quan-
tization errors are known and reduced quantization lobes can be
tolerated at off-center frequencies, one may consider to use the
subarrays’ phase shifters to increase the TTD resolution without
additional hardware effort.

For mitigation of these grouping effects like the mentioned
peak sidelobes or the beam pointing error, several techniques
such as randomization, rounding off, or overlapping subarrays are
described in literature [3, 6].

Delay integration in frequency converter

Unlike phase shifters that can be reasonably used in the local
oscillator (LO) path, TTD has to be integrated into the signal
path to benefit from its frequency dependent phase response.
Considering the two mixing products of an up-conversion mixer,
described by basic addition theorems as shown by (8), alternative
concepts to radio frequency (RF) path time delays can be derived.
Both mixing products can be phase shifted in the LO and
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Table 1. Equivalent RF delay type of frequency converter integrated delay
elements

Architecture 1Q/DSB modulation SSB modulation

IF PS - Phase shift
IFPS &IFTTD - Time delay
LO PS Phase shift Phase shift
LO PS & IF TTD Time delay Time delay
LO PS & RF GTD Time delay Time delay
RF PS Phase shift Phase shift
RF TTD Time delay Time delay

IF TTD — RF

(V]

Figure 5. Timed array system concepts using (a) RF TTD, (b) IF TTD and LO phase
shifter, (c) IF phase shifter and TTD for SSB systems, and (d) combined concepts for
hierarchical delay concepts.

intermediate frequency (IF) path as well as time delayed in the IF
path

spe(t) = cos (wiot + Pro + wipt + WipTE + @ir)
+ cos (wiot + Yo — Wipt — WipTiE — ©1r) (8)

|
PrEUsE = (Wro + Wip) TRe = P10 + WiETiE + Prr 9

!

PreLss = (WLo — W) Tre = Lo — WikTie — e (10)

Several possible approaches are listed in Table 1 and shown in
Fig. 5. A linear phase over frequency can be achieved by shifting
LO and delaying IF, which is equivalent to an RF path time delay
and can therefore be used for all modulation types including in-
phase quadrature (IQ) and double sideband (DSB) modulation. In
this context, a group time delay (GTD), e.g. [7], in the RF path has
the same effect as the IF TTD. Assigning the delay functionality
completely to the IF path works only for single sideband (SSB) sys-
tems, as the second mixing product will be shifted by the inverse
IF phase, which is only acceptable if it is discarded. As depicted
in Fig. 5(d), functionality can be also combined to achieve subar-
ray and element level controls. It is noted that this combination
does not introduce the grating lobes discussed in the previous
subsection since TTD is used for element level control.

TTD elements

This section gives an overview of relevant properties and require-
ments of TTD elements as well as implementation methods.
Practical TTD element properties include phase properties (delay
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range, flatness of phase/group delay as well as resolution, accuracy
and precision of delay control), amplitude properties (gain/loss,
bandwidth, gain error over delay setting), and other parame-
ters (power consumption, chip area). TTD implementation meth-
ods, grouped into switch-based TTD, switch integrated TTD,
and continuously adjustable TTD, are presented in subsection
“Operational principles and realizations”.

TTD specifications

TTD elements have to have a bandwidth which is superior to the
beam squint induced bandwidth BW,,, ., 345 given by (5) while pro-
viding sufficient delay range 7, y to cover N antennas as given
by (2), in order to reduce the bandwidth limitations of phased
arrays. As both parameters depend on the array size, the phased
array’s bandwidth can be approximated by (11), only using 7, y
and the beam broadening factor B,, as variables. Accordingly, Fig. 6
compares the absolute bandwidth of TTD realizations with the cal-
culated phased array bandwidth. At this point, it is noted that the
comparison is not perfectly fair as the publications use different
definitions of bandwidth, e.g. measurement graphs in [8] indicate
less than 3 dB gain variation over the characterized D-band while
[9-12] exhibit a significant negative gain slope

N~(N-1) 0.886B,
B Wps,arr,3dB ~ - -

(11)

To,N

From Fig. 6, it is apparent that many TTD realizations with
small delay ranges possess a smaller 3 dB bandwidth than con-
ventional phased arrays. When considering hybrid architectures
using phase controlled subarrays, due to sufficient bandwidth,
beam squint induced sidelobes must be also taken into account.
For example, according to (5), four-element, 1 mm-spaced phased
subarrays at 140 GHz and 6, = 45° still have a bandwidth of
almost 94 GHz, but beam squinting causes lobes up to —15.0 dB for
a bandwidth of 415 GHz and -7.6 dB for 430 GHz according to
(7). Acceptable sidelobe levels depend on the targeted application,
but high sidelobes may be problematic for radar applications and
communication systems featuring JCAS functionality. A consid-
erably higher bandwidth-delay-product is achieved by moderate
frequency, high bandwidth designs up to 50 GHz [9] and 21 GHz

120 T
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! -V
801 || *  This/[1]
T -'EO] === BWpsar s
S 60 | L f9]
= 1
Q v el
40 A [21}\=/
$ 11114 i
1 e [10] = w12 [19]
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half power beamwidth at broadside for 0y y.x = 45°at 140 GHz (°)

Figure 6. Bandwidth of TTD realizations [1, 8-23] versus their delay range
compared with the phased array bandwidth approximated by (11). Maximum array
size and half-power beamwidth (HPBW) related to At according to (2) and (13) [3]
are shown as additional axes for 6 . = 45° at 140 GHz.
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[10-12, 19] that can also be used for sub-THz systems when
employed in the IF domain as discussed in Section “Timed and
phased arrays”.

TTD elements are expected to avoid beam squinting over a cer-
tain bandwidth by providing a constant phase delay 7and therefore
a linear phase ¢ = —wr. Correct group delay is not a sufficient
criterium for the beamforming functionality as it defines only the
slope of the phase. The remaining beam squint due to a devia-
tion of phase and group delay of all-pass delay cells is examined in
[24]. Normally, the relative delay compared to a reference state is
of interest as it also describes the tuning range at the antenna port.
Referring the forward transmission coefficient S,; of delay setting
B to that of a reference state also removes most of the phase ambi-
guity and allows easy extraction of relative phase delay and gain
variation

521 (f: B )

SZl,n(fv B) Szl (f? Bref) .

The resolution of TTD should be high enough for scanning the
beam in steps that are smaller than the beamwidth. The smallest
step of 6, in fractions of the half-power beamwidth (HPBW) is
given by (14) which is derived from (2) and the left of (13) [3] as
a function of the LSB of the delay 7, y. For a certain 7y gp, smaller
steps of the scan angle 6, and reduced HPBW of large arrays cancel
each other, giving a constant result. This expression is optimistic as
the HPBW can be reduced by element patterns and A, increases
with 6. Further, quantization of intermediate elements is ignored
that causes the formation of subarrays

12)

0.886B,\ N~(N-1) 0.886 sin 60, max

HPBW = !
W Nd fron 1)
Al  N~(N-1),sinb~0y  Tigpf (14)
HPBW 0.886B,

Therefore, another criterion is the level of quantization side-
lobes. The worst-case level is approximately given by (6) and applies
to element level control as well as timed control at the subarray
ports of subarrays. Figure 7 compares both criteria with TTD real-
izations that have non-continuous control of delay. Realizations at
D-band frequencies provide enough resolution for approximately
20 dB of quantization lobe rejection. In the case of a quantized IF
path TTD element and high resolution phase shifter, the result-

ing delay is 7pp = 2210 4 ZFTE and therefore the LSB at the
WRF WRF

AL

cMOS
e SiGe
10.0 4 -V
-m- Aly/HPBW =05
TS N S Aby/HPBW = 0.25
= - W& QL=-10dB
FR R T £--.. *- QL= —20dB
1.0 3 ¥ QL =-30dB
............. *...[:.g.o.].“ a
v . o BT o] ] [fz]
0.1 41— : ; ISk PR ; . :
0 50 100 150 200 250 300
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Figure 7. Least significant bit (LSB) of delay A7 of TTD realizations [8, 10, 11,
15-17, 19, 20, 22, 25] versus their maximum operational frequency compared with
the criteria of sub-HPBW resolution, according to (14), and quantization lobe QL
suppression according to (6).
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Figure 8. Delay range per core area of integrated TTD elements [1, 8-17, 19-23,
25-27] versus their maximum supported frequency and a trendline indicating one
period per square millimeter.

RF port can be calculated to Tyggpr = %TLSB,IF. Consequently,
the resolution requirements of IF path TTD is determined by the
IF frequency and not the RF frequency. This means that the resolu-
tion in phase matters, not in time. In Fig. 7, it can be seen that many
lower frequency implementations also achieve 20 dB quantization
lobe suppression, while some of the not shown designs implement
continuous high resolution stages [9, 12-14, 23, 26, 27].

Errors of phase and amplitude at the antenna ports generally
cause directivity degradation, pointing error and grating lobes. If
errors are periodic, strong sidelobes are expected, whereas random
errors cause an increase of the average sidelobe level [3]. However,
a linear amplitude taper due to an expected correlation of loss and
delay showed little effect on the peaks of the sidelobes of a rect-
angular taper, but hinders complete extinction of the array factor’s
exponential terms with 180° phase difference.

In contrast to phase shifters which exploit the ambiguity of a
periodic signal for large phase differences, TTD elements have to
incorporate spacious delay elements. Therefore, a critical param-
eter is the required chip area for a certain delay. Figure 8 charts
the delay range per chip area over the maximum operational fre-
quency. Implementations at lower frequencies tend to achieve a
higher delay range per area compared to higher frequency imple-
mentations as less wideband design options like (active) filters [11,
12, 14, 16, 18], artificial transmission lines (ATLs) [8, 9, 19], and
compact switches are available. In contrast, the mm-wave designs
[20-22] use conventional transmission lines and area inefficient
A/4 transformed shunt switches. Paper [8] achieves a much higher
area efficiency as series CMOS switches are used and A/4 lines are
mostly avoided. The general trend can be empirically approximated
by a delay of one period per square millimeter.

Operational principles and realizations

TTD elements covering large time delays typically involve switches
and constant delay elements as this technique offers low losses
for large delays and well-predictable delay steps. Table 2 gives
an overview of constant delay elements like lumped filters [11,
12, 14, 16, 18] that are highly efficient regarding chip area per
delay but are limited to low frequencies compared to artificial
transmission lines (ATLs) [8, 9, 19] or transmission lines (TLs)
[1, 20-22]. Switching between different delays can be accom-
plished by selecting the desired tap of a delay chain [9, 14, 16, 18],
posing the problem of imperfect matching at higher frequencies,
making techniques, e.g. as described by [9] necessary. Another spe-
cial case is the trombone architecture that incorporates a forward
and reverse traveling signal line with switched amplifiers that
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Table 2. Integrated TTD elements by operational principle

Path switching time delay elements fmax
Allpass/lowpass filter [10-12, 16, 18] / [14] 40 GHz
Artificial transmission line (ATL) [8,9, 19] 170 GHz
Transmission line (TL) [1, 20-22] 330 GHz
Delay chain selection [9, 10, 14, 16, 18] 50 GHz
Trombone architecture [8, 11, 12] 170 GHz
Delay bypassing [19-22] 330 GHz
Switch integrated delay elements

Self-switched constant-R network [8, 10, 12] 170 GHz
Reflective switched transmission line [23] 24 GHz
Switch tuned allpass filter [16] 2.5GHz
Switch tuned TL/ATL [15] 65 GHz
Continuous delay elements

N-path sample and hold [25, 27] 6 GHz
Reflective tuned transmission line [23] 24 GHz
Tuned capacitance allpass filter [12, 13] 20 GHz
Varactor tuned TL/ATL [9, 14, 17] 50 GHz
Coupled transmission line [26] 30GHz
Delay interpolation [1] 157 GHz
Vector phase shifter [21] 250 GHz

select the point of return [11, 12]. If switches are used instead
of amplifiers, impedance matching at the point of return must
be assured which requires a high impedance state of the remain-
ing TLs. This can be achieved by shorting the lines A/4 after the
point of return [8]. Another switch-based architecture is bypassing
of individual (binary weighted) delays using dual SPDT switches
[19-22]. As series transistor switches are difficult to realize at
very high frequencies, some millimeter-wave implementations use
A/4 transformed shunt switches [20-22]. To accommodate for
the parasitic elements of switches, some designs integrate switch
and delay element, resulting in self-switched all-pass networks
[8, 10, 12]. Reflective type delay elements require directional cou-
plers but allow delay selection by shorting the signal to ground or
even employing offset shorts for better delay resolution [23].

Most of the presented principles are not very suitable for small
delay steps as the high amount of switches requires a large chip
area and increases parasitic capacitance that limits the maximum
frequency. Similar to a ring buffer, many sample and hold circuits
can be used to temporarily save the input signal and delay the
output signal [25, 27]. However, to cover higher frequencies, the
resolution of lumped filters and reflective delays can be improved
by integrating digitally controlled capacitors [16] or varactors
[12, 13, 23]. The same technique is applicable to ATLs and TLs, but
a trade-off between pole frequency, impedance matching, tuning
range, and variation of the capacitor’s quality factor and therefore
loss variation across delay setting has to be found, which is increas-
ingly difficult at higher frequencies [9, 14, 15, 17]. Some designs
also incorporate tunable inductors to preserve impedance match-
ing over delay [15]. A less intuitive approach is to exploit different
propagation speeds in common and differential mode of coupled
lines. By injecting an amplitude controlled copy of the signal in
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Figure 9. Delay interpolation TTD principle.

the second path, modes can be changed and therefore the delay of
the line. This technique is limited in its maximum delay by power
transfer and therefore gain variation over delay setting [26]. An
alternative to high resolution TTD are conventional phase shifters
with limited tuning range, combined with a coarse TTD element,
causing only negligible beam squinting [3, 21]. The delay interpo-
lation principle employed in this work is similar to a vector phase
shifter, but instead of a 90° hybrid, a TL is used, which allows for
continuous delay control by interpolation [1].

Delay interpolation TTD

Analysis of TTD requirements and the state of the art showed the
need for both, high delay range TTD implementations for steer-
ing large arrays, but also high resolution methods that allow a high
suppression of sidelobes, necessary for upcoming radar and JCAS
mm-wave systems. Loss and capacitances of series switches in the
mm-wave regime make it difficult to cascade switches or design
ATLs with high enough impedance and cut-oft frequency for the
realization of small delay steps, although respectable results are
achieved using advanced CMOS processes [8]. However, so far
BiCMOS realizations [20, 21] employ spacious A/4 transformed
shunt switches that require an increasing portion of the TTD ele-
ment’s chip area as delay steps are reduced. Phase shifters using
Lange couplers have already been used to increase the resolution
[21]. In [1], we proposed a TTD design that is similar to a vec-
tor phase shifter but uses a delay line instead of a 90° hybrid.
Figure 9 illustrates the working principle that utilizes a continu-
ously adjustable splitter for generating an undelayed and a delayed
signal portion that are combined by a summation stage. This
scheme provides continuous delay interpolation with a delay range
of 7 without the need for RF switches.

As described in our previous work [1], gain and phase charac-
teristics can be calculated by vector addition of the two portions
with one of them being delayed by the time Taccording to (15). To
limit the output amplitude to 1, the sum of both weights A and B is
setto 1 )

H(w)=A+Be ™ A+B=1. (15)

Calculating the phase response yields (16) which approximates
a linear tuning behavior as long as the phase difference of both
signals is small. Due to the constant delay 7, the phase difference
increases with frequency, which causes a deviation APD/7 from
the linear behavior. Figure 10(b) shows how the error increases as
the signal period T approaches the delay 7

_ Bsin(—wr) N
¢ = arctan <(1 B Bcos(—m’)) ~ B(—wr) (16)
PD:—% =~ Br. (17)
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Figure 10. (a) Gain variation and (b) deviation from linear delay of the delay
interpolation TTD over delay setting B for different delay to signal period ratios 7/T.
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Figure 11. An eight-element linear antenna array controlled by a three-level
hierarchical beamforming network.

As the phase difference increases with frequency the sum of
both vectors is reduced at higher frequencies which causes a low-
pass behavior that is dependent on the delay setting. As shown in
Fig. 10(a), the highest loss occurs at A = B = 0.5 which can be
calculated from (18)

Ggp(B = 0.5)/(dB) = 20log | (cos (W%)) .

As gain and phase imperfections depend on the signal period T,
the TTD element can only be used up to a certain frequency, e.g.

(18)

T= results in a gain variation of up to 3 dB.

‘max

Hierarchical beamforming systems

This section describes a concept for a completely time delay con-
trolled array that can be realized using the delay interpolation prin-
ciple. Because, according to (2), the required delay range increases
linearly with array size, the hierarchical architecture shown in
Fig. 11 is proposed to benefit from the typically higher delay ranges
of baseband TTD elements. As continuously adjustable TTD ele-
ments are utilized, no grating lobes due to quantization or beam
squinting are expected, yet some deterioration, e.g. due to gain
variation or tuning non-linearity is expected.

The required element-to-element delay of a 1mm-spaced
antenna array for 6, = 45° in D-band is calculated by (1) as
Ty = 2.35 psand has to be available for controlling the two-element
subarrays. Two cascaded TTD elements for subarray beamsteer-
ing in the RF domain are proposed to meet the required tuning
range while reducing the loss at B = 0.5 in comparison to a sin-
gle element. As the distance and therefore also the required delay
between the subarray ports is 6 times higher, a combination of
baseband TTD and LO phase shifting becomes more attractive. For
zero-IF systems, the highest frequency that the TTD element has

to support is % instead of fio + % which increases the achiev-
able delay range of delay interpolation TTD by a factor of 5.6 for
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Figure 12. Gain of a cosine modeled antenna (dotted) and the hierarchical timed
array architecture for the two-element subarrays (dashed) and the complete
eight-element array (solid) at scan angles 6, of (a) 0°, (b) 20°, (c) 30°, and (d) 45°.

the D-band example. Due to the increased delay range of 7 ps for
the continuous delay elements, a single fixed 7 ps delay element
with crossover switch is sufficient for preserving continuous delay
control. If the fixed delay element is switched to either side, the
delay can be compensated by the continuous elements on the other
side, yielding 6, = 0°, or increased by the elements on the same
side, which defines the maximum scan angle 6 .., = 45° since
67y ~ 2 - 7 ps. For scanning the other half of space, the crossover
switch has to be toggled. The use of baseband TTD appears further
attractive because area efficiency may be increased by replacing
spacious inductive matching networks with resistors due to higher
gain and efficiency at lower frequencies. Depending on the chosen
architecture, gain variation may also be improved by lower losses
of long delay lines and switches.

The timed array’s gain has been simulated for a cosine mod-
eled element pattern, appropriately switched delay element and by
using the transfer function of the delay interpolation TTD element
(15) with B determined by (17) without applying further compen-
sation. Figure 12 shows the element pattern together with the wide
patterns of the subarrays and the narrower patterns of the overall
eight-element array. The frequency dependent gain variation due
to the RF TTD element becomes apparent for Brrprg = 0.5 at
0y = 0° where significant deviation between element and subarray
pattern can be seen, while at higher scan angles the RF TTD ele-
ments operate closer to the extreme settings where less losses occur.
At §, = 20°, gain variation of the baseband TTD elements cause a
reduced gain of the array pattern compared to the subarrays’ pat-
tern towards the band edges. The influence of gain variation on the
array gain shows the need for hardware-based gain compensation
or a control-based reduction, e.g. by avoiding the central control
setting in a chain of cascaded delay interpolation TTD elements.

D-band implementation

Previously, we presented a D-band TTD design to evaluate the
feasibility of the delay interpolation working principle, circuit non-
idealities, and compensation techniques [1]. The design as well as
additional investigations regarding the non-idealities are presented
in the following section. The implementation closely follows the
topology shown in Fig. 9. As the output power at low frequencies
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and extreme delay settings is nearly equal to the sum of A and B,
their sum is kept constant by splitting the input signal into parts
A and B. For this purpose, the architecture of a conventional cas-
code current steering variable gain amplifier is slightly altered to
realize an adjustable splitter, shown in Fig. 14(b), that keeps the
overall power of both signals constant, but divides them into two
weighted components. The ratio of both signals can be controlled
by potentials ¢, and ¢,, which are set by a differential current mode
digital-to-analog converter (DAC). Ideally, the input conductance

- . . I [
of the splitting stage is constant as itis g; + g = V—' + V—z with

the sum of the collector currents I; + I, and the the;mal VToltage
V. being constant. However, high frequency designs commonly
use small transistor sizes to reduce parasitic capacitance which
increases undesired series resistance. If the splitting stage’s input
admittance g is modeled by (20) using the transistors’ small sig-
nal conductances, an emitter series resistance Ry = 9.6 2 and an
RC network, representing parasitic coupling from emitter to col-
lector, a non-constant input admittance is obtained as shown in
Fig. 13(a). Good agreement between simulation and calculation at
DC is observed, while at the center frequency of 145 GHz parasitic

—590

—595

Sa1(9)

—600

—605

Figure 13. Simulated (solid) and calculated (dashed) (a) splitting stage input
admittance g, at DC and center frequency, individual emitter admittances g, g,,
(b) simulated phase of the complete splitter circuit S,;, S3; (right axis) and phase
from the ratio of calculated g;, g, and simulated admittance of the splitting stages
input node g,,.

Olp Oy 7% %‘

c1 €2

DAC, DAC,

Isplitter

(b)

Figure 14. Simplified schematics of (a) the summation circuit and (b) the
adjustable splitter with control network.
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Figure 15. (a) Signal-flow graph considering reflections at the splitter’s outputs
(T"y), the summation circuit’s inputs (I',), and isolation of the summation circuit (i).
(b) Simulated gain at 140 GHz of the TTD circuit with lossless delay lines (solid, right
axis), calculated gain using simulated reflection parameters and isolation (dashed),
calculated gain without reflections and infinite isolation (dotted), calculated gain
with 10 dB matching and 10 dB isolation (dash-dotted) for an ideal splitter and
different splitter bias currents, and (c) phase responses for the same cases.

elements cause a higher deviation. Further, the ratio of g;, respec-
tively g,, and the splitting stage’s simulated input node admittance
Znsim 18 used to estimate phase errors introduced by the power split-
ter. Figure 13(b) compares them with the simulated S-parameters
of the complete splitter circuit. In the regions of high gain, a good
accordance is observed while at low gain the phase is sensitive
to the transistors’ isolation properties, which are only coarsely
modeled by the simple RC network

1 1
8 = Vr + Q 1 (19)
Ry + N 602+ jw7.6fF
&= 1T & (20)

The splitter’s matching is realized with coupled inductors at the
input and transformers at the output, both optimized for a center
frequency of 145 GHz.

Two differential TLs with a delay difference of 1.78 ps are used
as delay element which provide a well-predictable delay and sim-
plified routing. As the length difference of the TLs reaches 90°,
imperfect matching and impedance transformation along the delay
line cause asymmetry in the amplitude response. The signal-flow
path shown in Fig. 15(a) is used to quantify the effect of reflec-
tions at the splitter’s outputs and the summation circuit’s inputs as
well as finite isolation between the summation circuit’s inputs. As
a result, (21) shows altered gain of the inphase and delayed com-
ponent. Assuming an ideal splitter, Fig. 15(b) shows that 10dB
matching and isolation (I = I, = 0.316,i = j - 0.316)
cause up to 2.1dB additional insertion loss, depending on the
chosen delay. However, coeflicients obtained from simulation of
the realized circuit yield only 0.73 dB loss. It is also shown that
inserting the splitter’s amplitude and phase response as parame-
ters A and B gives good accordance with the simulated results of
the complete TTD circuit with lossless delay lines. The TTD cir-
cuit incorporates an active summation circuit shown in Fig. 14(a)
which has higher isolation than a simple resistive power combiner
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Figure 16. Micrograph of the demonstrator with fabricated D-band TTD element
occupying 0.53 0.3 mm?.

and allows to individually adjust the gain of the two inputs for error
correction

o VIZTOE/T-TP =T

1+ 122 — T3
+Be 7T (1—T,(T,—i))).

(A1 +Ty(I, — 1))

@1

The demonstrator chip including calibration structures is
shown in Fig. 16. It has been manufactured in THP’s SG13G2
130nm BiCMOS technology that has an f/f .« of 350 GHz/
450 GHz. The steering control and all three bias currents are indi-
vidually controlled by on-chip DACs and can be optimized to
compensate gain variation.

Measurement results for different bias currents of splitter, sum-
mation amplifiers, as well as the delay control byte have been
obtained by on-chip measurements using a Keysight PNA-X, VDI
VNAX frequency extenders, and a custom USB to serial peripheral
interface adapter. Figure 17(a) shows gain, delay, and gain variation
for a DC current of 6.1 mA for each amplifier. Although a gain of
approximately 10 dB is achieved, gain variation suffers from asym-
metry over delay setting, having the lowest gain at settings 125-190.
A reduction of operating point current to 2.2 mA for the splitter
and 4 mA for each summation input yields the results of Fig. 17(b)

Manuel Koch et al.

that show better symmetry but also reduced gain of 1.6 dB and a
3 dB bandwidth from 130 GHz to 156 GHz. Relative phase delay
shows a tuning range of 1.63 ps and a good agreement with the
simulated curves, yielding a Root mean square (RMS) delay error
of 48 fs. The RMS delay error is derived from the shown measure-
ment curves using the simulated delay, averaged over the TTD
element’s bandwidth, as reference. Within the bandwidth, gain dif-
fers between the different delay settings by maximally 2.8 dB and
shows an RMS error of 1.0dB. To reduce gain variation, a delay
dependent biasing scheme is used. The splitter is set to 1.7 mA and
the summation stages of long and short line to 3.6 mA and 2.2 mA.
The currents of the summation stages are increased by a quadratic
boost factor up to a maximum of 7.6 mA, respectively 4.8 mA, at
delay setting 127. The results in Fig. 17(c) show a reduction of max-
imum gain error to 0.5dB and an RMS gain error of 0.2 dB while
gain is slightly reduced to 0 dB and the delay range is now 1.75 ps.

Table 3 gives a comparison of the uncompensated and com-
pensated TTD element with other sub-THz TTD elements and
wideband TTD elements with high delay range. In contrast to the
passive implementation of switch based TTD implementations [8,
20], the presented TTD element does not have high losses but is
more limited in terms of bandwidth due to the amplifiers. The
employed working principle is limited to approximately 90° delay
range at its highest frequency and therefore has a smaller tuning
range, but it does offer high delay resolution that is only limited by
the integrated 8-bit DAC, although higher linearity would be desir-
able that is found to be currently limited by the parasitic emitter
resistance of the splitting stage’s transistors and imperfect match-
ing of the delay lines. Still, a good accordance between simulation
and measurement is found resulting in an RMS delay error of 44 fs.
A combination of the presented principle with a switched topology
appears appealing as area requirements of [20] and gain variation
of [8] seem to be further improvable without introducing phased
subarrays that cause grating lobes. As better linearity and gain vari-
ation are expected with wider transistors and lower delay to signal
period ratio 7/ T, the presented concept is also a possible candidate
for continuous and calibration free baseband TTD elements, that
are currently realized using varactors [9, 12].
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Figure 17. Measured (solid) and simulated (dashed) gain, relative delay, and relative gain of the D-band TTD element for (a) an overall constant bias current of 19.3 mA,
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(b) 10.9mA, and (c) compensation of gain variation by a quadratic boost in bias current, yielding 9-15 mA current consumption.
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Table 3. Uncompensated and compensated performance of the D-band TTD element in comparison with TTD elements above 100 GHz and wideband TTD elements with high delay range.

This, [1]
This, [1] comp. [20] [8] [21] [22] [9] [10] [11] [12] [19]
Architecture Delay interp. Delay Switched TL Switched ATL, Switched TL, Switched TL Switched Switched Switched ATL Switched ATL, Switched
interp. self-switched phase shifter TL, tuned TL allpass, switched allpass, ATL
network self-switched tuned allpass
network
Center freq. 144 GHz 144 GHz 140 GHz 140 GHz 235GHz 275 GHz 30GHz 11 GHz 11GHz 10.5GHz 11 GHz
Absolute BW 26 GHz 26 GHz 60 GHz 60 GHz® 30GHz 110GHz 40 GHz 18 GHz 20 GHz 19 GHz 18 GHz
Delay range 1.63ps 1.75ps 6.64 ps 6.9 ps 1.47ps 3.398 ps 32.8ps 145 ps 274 ps 400 ps 508 ps
Delay resolution cont. cont. 0.446 ps 0.223 ps 0.39 ps, cont. 0.227 ps 4 ps, cont. 2.5ps 34.2ps 40 ps, 4ps
5.6 ps, cont.
Gain (dB) 1.6 0 -21 -10.6 -8.6 -8.1 -15.52 -20°¢ -20°¢ -35¢ -3.6
Max. gain error 2.8dB 0.5dB 2.5dB¢ 2dB¢ 3dBP 1.28dB 4.6 dB* 7.3dB¢ 9dB 14 dB© 4.1dB¢
RMS gain error 1.0dB 0.2dB 1.4dB 0.57dB - 0.12dB 3dB? - - - 1.6dB
RMS delay error 48fs 44fs 167 fs© 30fs - 90fs - 2.2ps - - 10 ps
Ppc (MW) 27.2 37.5 6.2 0 43 0 0 0 6.2 6.0 285
Core area (mm?) 0.159 0.159 1.166 0.04 0.22¢ 0.485°¢ 0.22 5.6 1.125 4.0 3.4¢

20nly over limited BW;
buncompensated;
extracted from graph.
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Conclusion

A broad overview on the shortcomings associated with phased
arrays in the context of wideband millimeter-wave array systems
is given. Losses, introduced by the well-known beam squint effect,
are determined by pattern simulation as well as delay differences
applied to baseband signals causing ISI. Both methods give a max-
imum insertion loss of 5.1dB for an exemplary eight-element
D-band antenna array. Pattern simulation further shows a drastic
increase in loss if the scan angle is misaligned. Timed arrays do not
suffer from beam squinting and the according losses which also
makes them much more tolerant to beam misalignment. However,
as TTD elements are more difficult to realize than phase shifters,
formation of sidelobes due to delay quantization and combination
of TTD elements with phase shifters is summarized utilizing anal-
ysis methods from literature. Further, integration of delay elements
with frequency conversion circuits is investigated as a measure
to reduce TTD requirements, e.g. by combining baseband TTD
with LO phase shifting. In a state-of-the-art overview, TTD real-
izations are compared to the bandwidth achieved with an ideal
phased array, showing that most millimeter-wave implementations
are not able to improve the available bandwidth due to a lack of
bandwidth and delay range while better suitability of baseband
TTD elements is observed. However, despite limited bandwidths,
evaluation of sidelobe levels shows that TTD elements can be
also useful to suppress sidelobes that are present in combined
timed and phased arrays. Additionally, TTD resolution require-
ments for sufficient sidelobe suppression are compared as well as
area efficiency. Subsequently, different TTD operational principles
are briefly described, including switched delay elements, switch
integrated delay elements, and continuous delay elements. Finally,
extended content on the delay interpolation T'TD principle, a sys-
tem concept using this principle and a D-band TTD realization,
previously published in [1], are presented. The hierarchical sys-
tem concept shows the general suitability of the delay interpolation
principle for beamforming in the RF and IF signal paths if its gain
variation can be compensated. The description of the integrated
D-band TTD element has been extended by a detailed analysis
of the splitter component and reflections on the delay lines that
mainly cause deviation from the ideal transfer function due to
parasitic emitter resistance and imperfect matching. The TTD ele-
ment achieves a continuous 1.75 ps delay range with only 0.5dB
gain variation by employing a simple gain compensation scheme.
It operates at a center frequency of 144 GHz and has a bandwidth
of 26 GHz. The required core area is 0.53 x 0.3 mm?.,
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