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Abstract

In this paper, we describe the design, layout, and performance of a 6-bit TTD (true time
delay) chip operating over the entire band of 2–18 GHz. The 1.15 mm2 chip is implemented
using TSMC foundry 65 nm technology. The least significant bit is 1 ps. The design is based
on the concept of all-pass network with some modifications intended to reduce the number of
unit cells. Thus, the first three bits are implemented in a single delay cell. A peaking buffer
amplifier between bit 4 and bit 5 is used for impedance matching and partial compensation
of the insertion loss slope. The rms delay error of the TTD is <1 ps over most of the frequency
band and insertion loss is between 2.5 and 6.3 dB for all 64 states.

Introduction

Many current and future microwave systems employ various beamforming techniques to facili-
tate their proper operation. Typical examples are communication systems, radar systems, and
electronic warfare systems. To achieve the beamforming function, the key element used is a
phase shifter. For a wideband system, the phase shifter must be replaced by a TTD (true
time delay) component to prevent beam-squinting [1]. As a result, many approaches have
been developed for the implementation of TTD [1–11].

Approaches based on transmission lines [2, 3] or artificial transmission lines based on
LC structures [4, 5] yield large size at 2–18 GHz frequency range and high loss and delay
variation over the frequency band. It may become a more attractive solution only at a higher
frequency [6, 7]. RC structures are quite small, but they are very lossy. The use of analog and
discrete time delay approaches exhibit high accuracy and small size at the expense of power
consumption linearity and frequency BW limitation [1, 8, 9]. More recent publications present
some new results in the design of TTD. Jung et al. [12] have developed a 3-bit TTD operating in
the range 8–24 GHz. Their approach is based on a variation of APN networks. Their max delay
is around 50 ps. Their chip is small but quite lossy. The same group [13] has also developed a
4-bit TTD in the range of 3–30 GHz with a max delay of 68.5 ps based on a similar approach to
their other design. The loss of this chip is quite high (13.5 dB) with an rms delay error of 2 ps.
Lee et al. [14] reported a 5-bit TTD in the range 20–30 GHz with a max delay of 36.9 ps. This
design is based on the concept of “dual-sided microstrip line”, which reduces the size of the chip
(0.07mm2). However, the loss is quite high (7–20 dB). Mandal et al. [15] have developed two
TTD circuits on a PCB, one in L band (single bit) and one in S band (3-bit). They used an
approach of “periodic shunt open stubs”. This approach yields low loss (1.9 dB at 3 GHz), but
the circuit is very large (70 × 10mm2). Max delay is 84 ps. Our approach presented below is
based on all-pass networks (APN) [10, 11] with the first three bits implemented in a single
delay cell, aimed at reducing the size and delay variation over the microwave band. Bits 4 and
5 are implemented using APN delay cells and SPDT switches, which is the common practice.
However, bits 1, 2, 3, and 6 are designed by using novel approaches as explained below. In add-
ition, our design includes a buffer amplifier between bits 4 and 5. The amplifier provides isola-
tion between the two parts of the chip. This improves dramatically the delay error, and also
provides some peaking to partially compensate for the increase of loss with frequency.

This paper is organized as follows: section “Modified APN” includes the schematic, theory,
and design equations for an APN delay cell [16]. In addition, modified APN is described, which
we use to implement the first three bits in a single delay cell. Section “TTD design” contains the
design of all six bits of the TTD as well as the design of the buffer amplifier inserted between bit
4 and bit 5. The simulated and measured performance of all 64 states is presented in section
“Simulated and measured performance”. Section “Conclusion” includes the conclusions.

Modified APN

An analysis of APN is presented in section 4.2 of [16]. These networks are superior in terms of
size and transmission loss per delay. In this section, we present briefly the classical APN as well
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as our new suggestion for a modified APN, which permits the
implementation of 3 bits in a single delay cell.

Classical APN

The circuit of a second-order APN is presented in Fig. 1. A clas-
sical network is depicted in (a) and our modified network is
depicted in (b).

By proper design, the classical network can be ideally matched at
both ports and the transmission magnitude is 1 (0db) at all frequen-
cies (all pass). The conditions for perfect match and transmission are:

Z0 =
���������������
2 L−M( )/Cp

√
, (1)

Cp(L+M)

4Cs(L−M)
= 1, (2)

Z0 is the port impedance.
In general, the group delay of this circuit varies with frequency;

however, by plotting the curve of the group delay versus frequency
with a parameter, Q [16]:

Q = Cs/Cp. (3)

One finds out that for Q = 0.1, the group delay is almost con-
stant and equal to the low-frequency delay, τ0:

t0 = CpZ0. (4)
Over the frequencies from DC to ωmax:

vmax = 2/t0. (5)

The above equations can be used to calculate the circuit ele-
ments (L, M, Cs, Cp) to obtain the desired group delay and band-
width. Equation (5) represents the relation between the maximum
possible delay with this circuit for the desired bandwidth. For
example, if the desired bandwidth is 20 GHz, the maximum pos-
sible delay is 16 ps.

Modified APN

As shown in section “TTD design”, a TTD bit can be obtained by
using the all-pass circuit above along with two single-pole double-
throw (SPDT) switches that switch the signal path between a dir-
ect transmission from input to output and a path through the
delay cell. To reduce the size of the chip, we combined the first
three bits (least significant bit (LSB)) into a single modified
APN cell as shown in Fig. 1(b).

The circuit in Fig. 1(b) has the topology of an ordinary APN;
however, instead of fixed capacitors here we use variable capaci-
tors to obtain variable delay. Since for an APN, an ideal matching
is possible only for a single design that corresponds to one delay
value, for the other delay values, there will be some mismatch.
The design of the modified APN cell is a tradeoff between band-
width, matching and delay, and it follows the procedure:

Step 1: design the cell for a given delay value with perfect match-
ing using equations (1)–(5).

Step 2: repeat step 1 for a few values of delay τ0 (in the case of bit
1–3, we can select values in the range 10–20 ps).

Step 3: for each one of the cases in step 2, calculate the maximum
delay variation over the band, the maximum return loss over
the band, and the range of values for Cp. This can be done
by using the equations in [16], which are repeated here:

Zin,e =
1− v20.5Cp(L+M)

jv0.5Cp
, (6)

Zin,o = jv(L−M)
1− v22Cs(L−M)

, (7)

Gin,e = Zin,e − Z0

Zin,e + Z0
Gin,o = Zin,o − Z0

Zin,o + Z0
, (8)

S11 = 0.5(Gin,e + Gin,o) S21 = 0.5(Gin,e − Gin,o). (9)

Step 4: for each of the cases in step 2 (based on the calculations in
step 3), plot a composite graph as shown in Fig. 2. The plots in
this figure depict three variables (max S11 in the frequency
band, delay fluctuations in the frequency band, and the value
of Cp) as the function of the cell delay. The plots demonstrate
the tradeoff between impedance matching, delay variations,
and cap values.

Step 5: review all the plots in step 4 and select the design with the
best tradeoff based on delay and S11 limits defined. In Fig. 2, we
can see that this design allows delay change from 11.1 to 21.1
ps (more than the required span of 7 ps for bit 1–3). In that
range, the maximum delay variation over the band 2–18 GHz
is 1 ps, the minimum return loss is 12 db over the delay
range of 12.5–21 ps. This design was selected for our bit 1–3.
If we select a larger matched delay (step 2), the bandwidth is
reduced due to higher delay; if we select a lower matched
point delay, the bandwidth is reduced due to narrower band
of S11, S22. This is shown in Table 1.

Step 6: for the selected optimum design, simulate the circuit and
optimize it to obtain the best possible performance in terms of
input and output return loss, the desired eight delay states and
the needed span of the serial and parallel capacitances.

Fig. 1. A second-order all-pass network (a) classical; (b) modified (M-mutual
inductance).
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TTD design

In this section, the design of the TTD chip and its six bits is
presented.

The TTD chip block diagram

The block diagram of the TTD chip is depicted in Fig. 3.
As can be seen in Fig. 3, the TTD chip includes a cascade of five

units: one cell implementing bits 1–3 (eight delay states), one cell
implementing bit 4, a buffer amplifier, bit 5, and bit 6. The design
of each one of these units is detailed below. The need for the buffer
amplifier and its location in the chain to minimize mismatch is also
explained in section “Buffer amplifier requirement”. All designs
were performed by keysight Technologies ADS. The layout and
final simulation used Cadence’s Virtuoso.

Bits 1–3

Bits 1–3 are implemented as a single composite delay cell based
on the modified APN in Fig. 1(b). The cell is intended to act as
a 3-bit delay line, namely, eight delay states. The lower state is
the reference (state 0), state 1 has a delay of the reference plus
1 ps, and state 8 has a delay of the reference plus 7 ps. The design
of this cell is obtained following the procedure outlined in section
“Modified APN”, and a compromise is achieved between delay
requirements, impedance matching, and capacitance values. The

optimal design was found to be for a nominal matched delay of
16.5 ps as depicted in Fig. 2. From this plot, we can see that a
delay span of about 10 ps can be obtained with a delay ripple of
<1 ps and worst-case return loss of 12 dB. The corresponding
required change of Cp is from about 100 to 400 fF, which is a prac-
tical range (the corresponding Cs values are from 10 to 40 fF –
equation (3)).

The actual implementation of the delay cell is depicted in
Fig. 4. This circuit has the topology of an ordinary APN; however,
instead of fixed series and parallel capacitors, banks of switched
capacitors are used. The series cap bank includes nine fixed
caps switched by four transistors. The parallel cap bank includes
four fixed caps switched by three transistors. The eight delay
states (0–7 ps) are obtained by eight switching combinations of
the switching transistors. For each state, the effective series and
parallel capacitances are set, such that the delay difference
between consecutive states is 1 ps. The layout of the coupled
coils is depicted in Fig. 4(d). Note that the distance between the
strips is relatively large (13 μ). This is needed to implement the
relatively small coupling coefficient (k =−0.365). The crossover
between the turns of the coil is needed to implement the negative
coupling coefficient. All transistors are 65 nm RF transistors
(TSMC_CM065_2V5_NMOS_RF). Gate periphery of each tran-
sistor (W ) is marked in Fig. 4(a). This type of transistor is used
for all the designs.

The implementation of three bits in a single delay cell has sev-
eral advantages: (a) substantial size reduction compared to three
separate cells; (b) the insertion loss is much lower compared to
three separate cells; (c) capacitance banks allow accurate tuning
of the delay, including the possible partial correction of errors
of the other bits (option of calibration table for the complete
TTD). As shown in Fig. 4, the series capacitance bank includes
four switching elements. Since this unit is a 3-bit cell, the four
switches allow a degree of freedom, which can be used for the tun-
ing of the delay curve to obtain a better fit to the desired response.
This capability is demonstrated in Fig. 5, which depicts the abso-
lute delay response of this cell over the frequency band with sev-
eral settings of the four switches. This capability can be used for
the complete TTD chain to tune the delay curve by establishing a
calibration table.

Two options were considered for the switching of the series
cap bank of Fig. 4(a). One biasing arrangement is depicted in
Fig. 4(b), which includes inverter units. A second arrangement
is depicted in Fig. 4(c), which does not include inverter units.
The biasing without inverters requires very large parallel resistors
to avoid loading to the ground, which deteriorates the perform-
ance of the switch. On the other hand, when using the inverter
units, their high impedance allows the use of much smaller resis-
tors (5 Kohm). Thus, we decided to use the arrangement with the
inverters for bits 1–3. This effect is demonstrated in Fig. 6, which
depicts the variation of the group delay for both cases with several
resistor values. From Fig. 6, for the case of no inverters, the group
delay is dependent on the resistor value and changes over the fre-
quency band. On the other hand, when inverters are used, the
group delay is almost constant over the frequency band and prac-
tically independent of the resistor value.

Fig. 2. A composite plot showing Cp range sweep, max S11, and delay variation over
the band for optimal case-matched delay cell of 16.5 ps.

Table 1. Comparison of different ranges for modified APN

Central delay τ0[ps] 12 16.5 18

S11 min–max for −12 dB
mismatch [ps]

9.2/15.8 12.6/20.9 14.2/23.4

Delay min–max for 1 ps
variation [ps]

7.6/17.1 11.1/21.1 12.8/20.5

Common range of S11/delay
[ps]

6.6 8.3 6.3

Cp ratio Cmax/Cmin 3.1 2.9 2.1

Fig. 3. Block diagram of the complete TTD chip.
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Bit 4

Bit 4 switches the signal between 0 and 8 ps. The schematic of bit
4 is presented in Fig. 7(a). Due to the parasitic capacitance of the
inductor, the optimized value of the series cap of the APN cell is
very small (<1 fF), so in practice the series cap is not needed.

The topology of bit 4 is the conventional topology of a delay
bit [5, 10] namely, two SPDT switches are switching the signal
path between a direct (no delay) state and a delay path state.
The delay path is an APN designed using the same inductor as
in bits 1–3. The resulting average delay is around 17 ps. The
CLC circuit at the top is a fixed delay of 9 ps used to compensate
for the excess delay of the delay path. The CLC circuit is also used
to absorb the parasitic caps of the switches, which improves the
matching. Thus, the resulting bit is an 8 ps delay bit.

An SPDT switch schematic is presented in Fig. 7(b). Each
branch of the SPDT includes one series and one parallel transis-
tor. The size of the transistors is determined as a compromise

between loss and isolation. The initial design uses relatively
large series transistors with ON resistance around 5 ohm to
reduce loss, while the parallel transistors are smaller to avoid
large OFF capacitance. After optimization, our design provides
an isolation of 30 db and a loss of 0.5 db. The optimized series
transistor has a gate periphery of 85[sym]-3987_Symbol[/sym]m
and the parallel transistor 7[sym]-3987_Symbol[/sym]m.

Bit 5

Bit 5 switches the signal between 0 and 16 ps. The schematic of bit
5 is presented in Fig. 8. The topology of bit 5 is the same as bit 4,
except that the delay cell is designed for 16 ps using the same
inductor without bypass delay. Bits 4 and 5 are expected to have
good impedance matching at the ports since both the SPDT
switches and the delay cell are theoretically perfectly matched.

Bit 6

Bit 6 switches the signal between 0 and 32 ps. As explained in sec-
tion “Modified APN” above, a second-order APN can be designed
for a maximum delay of 16 ps over the frequency band up to
20 GHz. This means that bit 6 cannot be implemented by a single
delay cell of the type used for bit 4 and bit 5. Bit 6 implements the
32 ps delay by using two delay cells in cascade. To obtain the
desired delay and good impedance match, one needs to use two
structures of bit 5 in cascade. However, to save two SPDT switches
and reduce the chip size, we cascaded the two APNs without

Fig. 6. Group delay dependence on bias resistors of series cap switch bits 1–3.

Fig. 5. Fine tune the delay curve of bits 1–3 for one of the states.

Fig. 4. (a) Modified all-pass network schematic for bits 1–3 (k-coupling coefficient);
(b) switch with inverter units; (c) switch without inverter units; (d) coupled inductors.
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intermediate SPDTs (Fig. 9) and optimized the design to obtain
both the desired delay difference and a reasonable impedance
match.

Buffer amplifier requirement

The six TTD bits described above can be divided into two cat-
egories: (1) bit 4 and bit 5 – conventional design based on
APN and SPDT switches; (2) bit 1–3 and bit 6 – modified
APN. The bits of category 1 exhibit good impedance matching
(return loss >17 dB), while the bits of category 2 exhibit some
impedance mismatch (return loss >12 dB). As a result, when cas-
cading all the bits without any buffers, the performance is severely
degraded. One effect of the impedance mismatch between the bits
is a substantial mismatch at the input and output. More import-
ant, the mismatch between the bits causes severe degradation of
the delay response although the delay response of each bit by itself
is very good. This effect can be understood from the fact that the
delay is basically the derivative of the phase response. So even a
reasonable error of the phase (due to impedance mismatch) trans-
lates into a large error in delay.

We have investigated this problem by initially inserting an ideal
isolator between each pair of bits. The delay performance of the
chain with the ideal isolators was excellent. Then we considered
what type of practical isolator to include in the design and the min-
imum number of isolators to obtain reasonable performance. After
investigating several cascading possibilities, we concluded that it

will be enough to use only one buffer amplifier inserted in the
chain between bit 4 and bit 5. We paired a delay cell of category
1 with category 2 and separated the pairs with the buffer – section
“Simulated and measured performance” shows a comparison
between the case of with and without a buffer.

Another benefit obtained by inserting the buffer amplifier is
some gain to compensate for the natural loss of the practical
bits. In addition, since the loss of the practical delay bits has a
negative frequency slope, we decided to design a peaking ampli-
fier, which has a positive frequency slope. Thus, the buffer amp-
lifier helps in solving the isolation problem between bits,
compensates for some of the loss, and reduces the frequency
slope of the bits. The design and performance of the buffer amp-
lifier are described in section “Buffer amplifier design and per-
formance”. The specification of the buffer amplifier was
determined by simulating the complete TTD with an almost
ideal buffer having finite isolation, some mismatch, and some

Fig. 7. (a) Schematic of bit 4; (b) schematic of SPDT switch.

Fig. 8. Schematic of bit 5.

Fig. 9. Schematic of bit 6.

Table 2. Buffer amplifier specifications

Parameter Value [dB]

Input/output return loss >18

Isolation >30

Gain peaking over band 3
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frequency peaking. The above parameters were tuned to obtain a
reasonable performance of the complete chain. As a result, the
following spec is set for the buffer amplifier (Table 2)

Buffer amplifier design and performance

The schematic of the amplifier is depicted in Fig. 10.
The amplifier is composed of a cascade of three inverter units

with feedback. This approach is common for compact wideband
amplifiers [17, 18]. This complementary arrangement permits
the use of a single positive DC voltage (1.2 V) and self-biasing.
The use of resistive feedback yields a wideband amplifier over

the entire 2–18 GHz band. We have used a feedback of a series
RL with a small inductor to achieve the peaking effect, namely,
a positive frequency slope. The design was done by optimization
with the goals specified above. The simulated performance of the
amplifier is presented in Fig. 11. The DC power consumption of
the amplifier is 12.4 mW.

The data in Fig. 11 show that the design goals have been met:
isolation >30 dB, a magnitude of S11, S22 lower than −18 dB, a
small positive gain slope of about 3 dB. The noise figure of the
amplifier is 11 dB, and the 1 dB compression is −5 dBm at the
output. This amplifier was inserted between bit 4 and bit 5 of
the TTD chain. The amplifier has some dispersion (change of
delay with frequency), but it is acceptable for most applications.

Simulated and measured performance

The 6-bit TTD covering the band 2–18 GHz has been implemented
as an RFIC chip using the TSMC 65 nm technology. To facilitate
proper analysis, testing, and debugging, and to investigate isolation
impact, we have split the chip into two parts: one chip includes bits
1–3, bit 4, and the buffer amplifier (1 × 0.6 mm2), the second chip
includes bit 5 and bit 6 (1.1 × 0.5 mm2). The splitting of the chip
permits the separate testing of each part and the investigation of
the isolation impact. The S parameters of each part are measured
and combined to show the complete performance. The photo of
the first four bits plus the buffer amplifier is depicted in Fig. 12,
and the photo of bits 5–6 is depicted in Fig. 13. In Figs 12 and
13, the various parts of the chip are marked.

Fig. 10. Schematic of the buffer amplifier.

Fig. 11. Simulated performance of buffer amplifier.

Fig. 12. Photo of bits1–4 and buffer amp.
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Figure 14 shows the simulated and measured delay difference
versus frequency for the combined bit 5 + bit 6. There are four
delay states: 0, 16, 32, 48 ps. Controlling the digital inputs in
both chips is done using the internal serial data interface and
an Arduino UNO microcontroller.

The measured results agree quite well with the simulations;
they are very close to the desired performance. The return loss
at input and output is better than 10 dB over the band. The inser-
tion loss varies between 3 and 7 dB over the frequency range and
all four delay states. The RMS delay error at each frequency over

all four states has been calculated. The results are depicted in
Fig. 15. The RMS delay error is calculated by:

DTDi = TDi − TD0 − (N − 1) · DTDstep, (10)

DTDrms =
��������������∑N

i=2 |DTD2
i |

N − 1

√
, (11)

TD0 – reference delay, TDi – state i delay, ΔTDstep – nominal
delay step between states, ΔTDrms – average rms delay error,
N – number of states.

Fig. 14. Simulated and measured delay response for bit 5 + bit 6.

Fig. 15. RMS error of delay for bits 5–6 (calculated from measurement).

Fig. 16. Simulated and measured delay for bits 1–4 (2–18 GHz).

Fig. 17. RMS error of delay for bits 1–4 (calculated from measurement).

Fig. 13. Photo of bits 5–6.
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The delay performance of the combination bits 1–3 + bit 4 +
amplifier is depicted in Fig. 16 (simulated and measured).
There are 16 delay states (0, 1, 2, …., 15). The measured and
simulated results agree in general. The RMS delay error at each
frequency over all 16 states has been calculated. The results are
depicted in Fig. 17.

For bits 1–4, the return loss at input and output is better than
10 dB over the band. The insertion loss varies between 1 dB up to
the gain of 2.5 dB over the frequency range of all 16 delay states.

Now we look at the performance of the complete TTD includ-
ing the 6 bits and the amplifier (the two measured chips com-
bined). There are 64 delay states: 0, 1, …., 63 ps. For the
complete TTD, the return loss at input and output is better
than 10 dB (Figs 18(a) and 18(b)), the isolation between output
and input is more than 38 dB (Fig. 18(c)), and the loss varies
between 2.5 and 6.3 dB (Fig. 18(d)). The input 1 dB compression
point of the complete TTD is −3 dBm – limited by the amplifier.

The RMS delay and amplitude error of the actual TTD is
depicted in Fig. 19. The delay error has been calculated by
using equations (10) and (11). The amplitude error has been cal-
culated by equation (12):

DAmprms =
�������������������������∑

i (Ampi − Ampavr)
2

N

√
, (12)

where Ampavr is the average amplitude over all 64 states.
The complete chip exhibits a delay variation of 1.1 ps up to

15 GHz, which is 1.6% of the max delay span (64 ps). At the higher
end (15–18 GHz), the delay error increases. The amplitude of RMS
error over the entire band is <1 dB. Table 3 contains a comparison
of the performance of our chip with similar published chips, show-
ing the improved gain and delay variation with small size.

The delay response of the TTD chip is shown in Fig. 20. The
figure includes three delay responses versus frequency for all 64
states. The responses were obtained by cascading the measured

Fig. 18. Simulated (a) S11; (b) S22; (c) S12; (d) S21 of the complete TTD chip using measured data of the individual chips.

Fig. 19. RMS delay and amplitude error for the complete TTD (calculated from
measurement).
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chips in an ADS schematic. The three response figures were
obtained as follows: Fig. 20(a) is the response of the actual com-
plete TTD, namely, the cascade connection of the first chip (bits
1–3, bit 4, amp) and the second chip (bit 5, bit 6). Figure 20(b) is
the response of the cascade of the first chip, an ideal isolator (ADS
model – ideal matching and infinite isolation) and the second
chip. Figure 20(c) is the response of the cascade of the second
chip followed by the first chip. This is equivalent to TTD without
buffer since the buffer amp is located at the end of the first chip.
Comparing the graphs in Fig. 20, we can conclude: (1) TTD with-
out buffer has very poor performance, as expected; (2) the per-
formance of the TTD with the practical buffer amplifier is very
close to the TTD with ideal isolator. This means that the buffer
amplifier matching and isolation is sufficient.

Conclusion

In this paper, we have presented the design, simulation, and mea-
surements of a 6-bit TTD chip implemented in TSMC 65 nm tech-
nology. The chip is very wideband and covers the band of 2–18GHz.
The LSB is 1 ps and the sixth bit is 32 ps. The design of the various
bits is based on APN and modified APN, which are known to exhibit
constant delay over a large bandwidth. The first three bits were
implemented in a single switchable delay cell reducing size, loss,
and delay variation compared to the cascaded bits approach. The
chip includes also a peaking buffer amplifier based on inverter

units with inductive feedback to reduce delay variation and compen-
sate for frequency response loss. Full TTD has <1.6% delay variation
and 1 dB RMS amplitude variation over the frequency band.
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