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Abstract
This article analyzes and describes phase nonlinearity reduction techniques in detail for ultra
wideband complex receivers to qualify airborne system requirements. Phase nonlinearity
directly affects the final frequency resolution coming from unknown threats. Thereby, the
reduction of phase nonlinearity of all radio frequency (RF) channels including phase correla-
tors is very essential. A simple phase nonlinearity calculation step has been shown in this article
without taking the help of any coding (software). A detail excel sheet–based phase nonlinear-
ity calculation has been explained and estimated with examples. Power and phase corrections
are especially done to keep the RF response flat over a wide frequency spectrum to enhance
better phase linearity. This is done by designing various equalizers with different slope gradi-
ents and adjusting power levels by using attenuation pads or reducing feeds by other means.
Phase nonlinearity has been kept under control by tracking the phase of mixers, other pas-
sive/active components within ±5∘, and all the RF channels within ±15∘. The power level has
been adjusted within P1dB or just beyond the P1dB to keep the harmonic level less, which in
turn controls phase nonlinearity in all the active devices. The performance of phase correlators
against various power levels has been analyzed to finalize uniform RF and LO power levels
(feed) at the input of the phase correlators. The level of uniform feed has been decided after
reviewing phase nonlinearity responses of the correlators. Thus, the final resolved frequency
become accurate (<3 MHz root mean square). Finally, four receivers have successfully been
developed and evaluated over temperature (−40∘C to +71∘C) and vibration to establish the
method for mass production.

Introduction

Phase nonlinearity response of an instantaneous frequencymeasurement (IFM) receiver plays a
very critical role in resolving unknown received frequency from unidentified threats (emitters).
The accuracy of unknown resolved frequency mostly depends upon the overall phase nonlin-
earity of the detected Intermediate Frequency (IF) signals (it includes delayed radio frequency
[RF] and LO paths). It has been noticed that the frequency-resolving algorithm becomes inef-
fective or the code gets completely collapsed when the phase nonlinearity of the receiver crosses
a certain limit [1]. Phase controllability of a large delay line or phase correlator (where the fre-
quency measurement system has lots of active/passive components in the chain) is difficult and
has multiple design challenges. Another major hurdle for such system is to keep phase control-
lability uniform over a wide dynamic range as well as against a wide frequency band because this
system is primarily made for electronic support measures systems. In the homodyne local oscil-
lator (LO) generation technique, the LO gets generated from an input RF reference. Thereby,
higher amplification of the input signal is required to produce high level of LO (9–12 dBm for
the dynamic range over −55 to +5 dBm). Thus, most of the gain blocks have to operate beyond
P1dB (or in hard saturation) when the input signal is higher than the sensitivity level, and nat-
urally, nonlinearity affects the phase performance at the very beginning (in the RF chain) of the
receiver system [2, 3]. Basically, a delay line–based frequency measurement receiver becomes
lossy. Hence, lots of gain blocks (with higher P1dB) are required to compensate for the loss in
each of the channel of phase correlators.

Phase nonlinearity reduction technique has been explained in this article for RF/LO
channels (followed by phase correlators). A comparative study on the effects of phase non-
linearity against various RF and LO powers has been experimented in this article. Based
on the study, a suitable LO and RF power level has been fixed as the standard for phase
correlators to keep phase nonlinearity minimum. The RF power is standardized to a partic-
ular level (little beyond the P1dB); thus, >±180 mV (>−3 dBm output) is ensured at the
IF output port (intermediate frequency; in terms of sin𝜃, cos𝜃) after compensating for the
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conversion loss of themixers. Generally, phase nonlinearity occurs
due to the presence of a high level of harmonics, spurious, pass-
band ripple components, multitoned RF inputs, etc., in the input
signals [2]. To achieve perfect phase linearity, ideally, this kind of
receiver must be linear against a wide dynamic range (−55 dBm
to +5 dBm) and over a wide frequency range [4, 5]. Practically,
this is not possible to achieve; thus, a few gain blocks in the RF/LO
channels must be operating over the nonlinear region (beyond
P1dB). Now a judicious choice of gain blocks must be assessed;
henceforth, only those selected gain blocks will always be oper-
ated in the nonlinear region [4]. The power level of hard saturation
of the affected gain blocks must be controlled in such a way that
nonlinearity becomes minimum among them (as it is a cascaded
effect). The incident power of each stage of the gain block must
be limited carefully (without affecting inter-stage matching); thus,
they operate under uniform saturation instead of uneven hard sat-
uration (in case of one or two gain blocks!). Hermetic module
design approach has been followed to design the whole receiver;
thus, in unwanted oscillations between gain blocks, spurious per-
formances are kept minimum (within −60 dBc). This technique
exhibits a controlled nonlinearity, which will affect the final phase
nonlinearity a little as compared to unevenly hard saturated gain
blocks. This technique has been followed from the first to the last
elements for controlling phase nonlinearities. Attenuators (ther-
mosensitive/insensitive) and equalizers (linear and parabolic type)
are designed after observing the nature of the response. They keep
the power level within the limit; thus, it is possible tomaintain a flat
response over wideband. This method has made this design suc-
cessful to maintain overall phase nonlinearity within the specified
level for phase correlators (±15∘ for the shortest delay line, D1, and
±30∘ for the longest delay line, D5).

Extensive works have been reported regarding ultra wideband
IFM receiver design techniques to track the unknown frequencies
with very good resolutions [6–12]. Sarkar et al. shows a detailed
investigation of a double-sided assembly where abrupt phase non-
linearity has been explained [1]. Here phase nonlinearity reduction
has been carried out by eliminating unwanted voids beneath the
substrate. Jason et al. explained the influence of the input sig-
nal phase deviation and input Signal to Noise Ratio (SNR) on
the differential phase measurement accuracy of mono-bit receiver
architecture in [6]. This proposed method has used two channels
only; thus, the process becomes simple to calculate and measure
phase deviations. Its band is also limited up to 3.15 GHz. The
proposed technique in this article is very complex, where five
simultaneous channels have been used to compare phase devia-
tions over a wideband of frequencies (1–10 GHz). A nonlinearity
mitigation technique for a broadband front-end receiver has been
proposed by Zhao et al. in [7]. In this method, the input RF signal
is digitized first and then passed through the best delay searching–
power residuals optimization circuit. In the last stage, the digitized
and semi-processed signal is passed through a nonlinearity com-
paction circuit. The method explained in this article is an analog
process to carry out the calculations although a strong asymmetric
algorithm is used to resolve the final frequency count. Here equal-
ization, power flattening, inter-module phase matching, tracking,
etc., have been followed to reduce phase nonlinearity. Nonlinearity
error reduction by ratio to phase conversion in signal ratiometry
is reported in [8]. This proposed “ratio to phase” conversion tech-
nique is used to reduce nonlinearity without using stable/linear
signal. This technique has mostly been focused on amplitude non-
linearity mitigation. A very low root mean square (rms) frequency
resolve algorithm is reported by splitting the incoming frequencies

into few sub-bands in [9]. This technique has a band limitation
due to its frequency-limited hardware implementation. This tech-
nique is used to capture frequency (DC–5 GHz) within 200 nS
with 0.8 MHz rms, and this proposed technique offers capturing
any frequency (1–10 GHz) within 120 nS (845 pS longest delay)
with<2.5MHz rms. Ultra wideband (1–40GHz) IFM technique is
demonstrated in [10] by using four-wave mixing over highly non-
linear fiber. In this proposed technique, no high-speed electronic
circuits are required at any stage of the receiver and it ends up with
very poor output frequency accuracy (2000 MHz at 40 GHz, 5%
of incoming frequency). The method explained in [10] will offer
50 MHz frequency error at 10 GHz (5% of 10 GHz), but the pro-
posed techniques in this article offer <10 MHz frequency error at
10 GHz. Multipath propagation effects are discussed in [11] but
not for phase nonlinearity calculations. Change of resolved fre-
quency response due to RF nonlinearity has been predicted in
[12], but no detailed analysis or results have been shared. A recon-
figurable IFM technique based on dual-polarization dual-drive
Mach-Zehndermodulator (DP-DMZM) has been reported in [13].
Discussion about RF nonlinearity has not come into the scope as
microwave signal is used to drive the upper and lower arms of DP-
DMZM. Although this technique is made to cover the 2–23 GHz
band, the frequency accuracy is ±200MHz.The proposed receiver
achieves <3 MHz rms frequency. Differential phase measurement
accuracy of a mono-bit receiver is reported in [14]. This article
accommodates nonlinearity effects into simulation, but nothing is
shared regarding phase nonlinearity compensation. Efficient tech-
niques/algorithms have been proposed in these articles to resolve
instantaneous frequency, but they fail to highlight phase nonlinear-
ity reduction/compensation methods (it must occur when input
signal passes through certain hardware), which are very essen-
tial for final frequency calculations. This article explains phase
nonlinearity reduction for multi-channel delay line–based phase
correlators.

Five sets of correlators are chosen for experimentation.Thereby,
the whole design has been divided into four major sectors, viz.,
RF front-end, phase correlator, digital processor, and onboard
computer display section, respectively. The overall block diagram
of the receiver is shown in Fig. 1. The RF front-end has mul-
tiple outputs to feed the signal into various phase correlators.
All corrections described in this article have been performed
within the front-end to phase correlator sections only. No dig-
ital correction has been carried out to shape-up phase non-
linearity. Finally, four modules are developed and verified over
−40∘C to +71∘C (ESS) pre- and post-temperature vibrations and
EMI/EMC, respectively, to establish the methodology for mass
production.

Phase nonlinearity estimation

Phase nonlinearity measurement is one of the crucial tasks for
each phase correlators to detect unknown frequencies from an
external threat. A simple block diagram of phase correlator is
shown in Fig. 2. In this figure, the input RF signal is split into
two components to produce LO (P2) and delayed RF signals (P4)
for the correlator. Basic homodyne technique has been followed
to make LO signal from incoming RF components (P2). This is
done by applying cascaded amplifications over P2 to generate P3.
Thus, characteristics of the output signal of themultistage amplifier
(P3) are no longer a linear signal. Hence, P3 is a highly nonlin-
ear signal. Finally, to generate in-phase (I) and quadrature-phase
(Q) output, this highly nonlinear signal has been passed through
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Figure 1. Block diagram of complex receiver having five sets of phase
correlators.

Figure 2. Schematic diagram of a sample phase correlator.

a 3 dB hybrid, and it generates two outputs, viz., A cos𝜃{r(t)}
and A cos(𝜃 − 𝜋/2), where A is the amplitude of the signal. Now
both the paths P1–P2–P4–P5/Q5 and P1–P2–P3–P5/Q5 should be
in phase except Dn (delay component) in the delayed channel. The
final output {yp(t)} of the “I” mixer is detected by auto-correlating
reference {r(t)} and the delayed signal {d(t)}. Phase data of any
correlator (Ѳinf) is a modulo-2𝜋 wrapped and finally calculated by
tan − 1{yp(t)/yq(t)}, where yq(t) is the output of the “Q” mixer.
Ideally, Ѳinf must be linear, but practically, it is merely impossi-
ble due to several nonlinearities in the system.These nonlinearities
are responsible for phase deviations in the Ѳinf. One of the rea-
sons of phase nonlinearity is the presence of harmonics at the
output of the amplifier when it operates beyond P1dB. It triggers
amplitude modulation (AM) to phase modulation (PM) conver-
sion in the output signal. There are several other reasons for phase
nonlinearity in the final signal like improper line ratios and inap-
propriate unwrapped phase values at the end of the successive delay
lines of various phase correlators [15]. Hence, phase nonlinear-
ity estimation is essential not only for analog circuitry correction
but also for digital processing (unwrapped phase data Ѳinf). The
line ratios (rl = LDn/LDn − 1) between various phase correlators
can exhibit different types of phase nonlinearities for final fre-
quency calculations. When phase error lies on both sides of the
reference phase, then for 3.5 line ratio, the algorithm can toler-
ate ±40∘ {±180∘/(1 + rl)} phase nonlinearities (max.). Thereby, if
phase nonlinearity crosses ±40∘, then the algorithm either breaks

or produces errors in the final resolved frequency (specification
<3 MHz rms cannot be achieved). Practically, retaining exact line
ratio for all the phase correlators is merely impossible over this
temperature (−40∘C to +71∘C) due to uneven lengths. In improper
line ratio, abrupt phase change can digitally be corrected but phase
deviation due to nonlinear operation of active components must
be corrected in the analog domain to reduce the burden over
the digital algorithm. As mentioned earlier, high amplifying gain
block gets very low signal (≈−55 dBm) from the external world
and converts it into high-level signal (>15 dBm). LO generation
block further rectifies, equalizes the input power, andmakes a fixed
output power suitable for phase correlators. Thereby, phase devi-
ation due to AM–PM conversion can be estimated as mentioned
in [16, 17]. Let us assume RFin(t) incident at the input (P1) of the
phase correlator as mentioned in Eq. (1).

RFin (t) = k1m (t) cos [𝜔ct + 𝜃 (t) + ∅1 (fc)] , (1)

where k1, 𝜙1(f c), m(t), and 𝜃(t) are attenuation (loss) and phase
shift related to the electrical path from input to P2, instanta-
neous amplitude, and phase of the input signal, respectively. The
amplified (n-fold) output signal (at P3) is given by Eq. (2), where
F[k1m(t)] and 𝜑j[k1m(t)] are the AM compression characteristic
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and AM–PM conversion component, respectively.

Pfinal (t) =
i=1

∏
n

{F [k1m (t)]}i

× cos(𝜔ct + 𝜃 (t) + ∅1 (fc) +
j=1

∑
n

𝜑j [k1m (t)]) .

(2)

Then LO signal is then passed through a 3dB hybrid, mixer, etc.
It changes total attenuation (k2) and phase {𝜙t(f c)} for the corre-
sponding paths. 𝜑j[k1m(t)], the phase deviation, is generally the
function of the instantaneous signal of m(t) [18]. Thereby, highly
nonlinearm(t) produces large phase deviation at the output {yp(t)}.
Signal r(t) and d(t) at the LO andRF port ofmixer are given by Eqs.
(3) and (4), respectively.

r (t) =
i=1

∏
n

{F [k2m (t)]}i

× cos(𝜔ct + 𝜃 (t) + ∅t (fc) +
j=1

∑
n

𝜑j [k1m (t)]) , (3)

d (t) = k1m (t) cos[𝜔ct + 𝜃 (t) + ∅1 (fc) +
l=1

∑
m

∅l (fc)] . (4)

Although gain blocks in the delayed path of the phase correla-
tor (as shown in Fig. 2) have not been considered but amplification
is required to compensate the extra losses contributed by the delay
lines. Then the calculation of the overall phase deviation becomes
very complex; thereby, the RF-delayed path is kept amplifier free.
Output after filtering at the mixer port will be a low-frequency
component of the complex signal as mentioned in Eq. (5), where
T(t) and 𝜒(t) are amplitude and complex phase of the output sig-
nal, respectively.The value of the complex nonlinear phase has also
been estimated in Eq. (6).

yp (t) = r (t) + d (t) = T (t) cos𝜒 (t) , (5)

𝜒 (t) =
l=1

∑
m

∅l (fc) +
j=1

∑
n

𝜑j [k1m (t)] . (6)

It is known that when instantaneous amplitudem(t) reaches the
maximum value ofmmax, then obviously 𝜑j[k1m(t)] also attains its
maximum value of Δ𝜑j[k1mmax]; this is the phase variation aris-
ing from the nonlinear behavior of the cascaded amplifiers. Thus,
Eq. (7) gives the maximum phase deviations for the maximum
amplitude of m(t), where 𝜓0 is small signal phase shift of all the
amplifiers.

l=1

∑
m

∅l (fc)+
j=1

∑
n

𝜑j [k1m(t) ] =
l=1

∑
m

∅l (fc)+𝜓0+
j=1

∑
n

Δ𝜑j [k1mmax]

(7)
The overall phase deviation due to other components including

nonlinear behavior of the gain blocks is estimated by Eq. (8).

l=1

∑
m

∅l (fc) + 𝜓0 +
j=1

∑
n

Δ𝜑j [k1mmax] = 𝜓 + Δ𝜓 (k1mmax) . (8)

It is theoretically possible to derive phase deviation due to non-
linear behavior of the amplifiers and can be written as in Eq. (9).

Δ𝜓 (k1mmax) = 0.707
√P1max

cos−1

×
⎡
⎢⎢
⎣

P5max − k2
2P3max − ( k3

k1
)

2
P2max

2 k2k3

k1
√P2max.P3max

⎤
⎥⎥
⎦

− 𝜕𝜓

(9)
where 𝜕ψ is expressed as in Eq. (10)

𝜕𝜓 = cos−1
⎡
⎢⎢
⎣

P5max − k2
2P3max − ( k3

k1
)

2
.P2max

2 k2k3

k1
√P2max.P3max

⎤
⎥⎥
⎦

(10)

Phase deviation derivation requires amplitude information
from the first to the last stage as per Eq. (9). Thus, to calculate
the phase nonlinearity of a subsystem, each stage must be probed
and accurate amplitude information must be picked up, which is a
laborious task and not always practically feasible. Hence, a compa-
rably easier method has been adopted to calculate the final phase
nonlinearity by fetching only last stage amplitude information yp(t)
and yq(t), respectively. This calculation is carried out in excel sheet
without using any software. It is known that wrapped phase infor-
mation can easily be calculated from I and Q waveforms using Eq.
(11).

∅wrap(new) = Round ∣(180
𝜋 𝜒 (

QDm

PDm

) + 180)∣ , (11)

where 𝜙wrap(new) is the wrapped phase of the phase correlator and
𝜒(QDm/PDm) is defined below to fetch accurate phase information
depending upon QDm and PDm outputs as mentioned in Eq. (12).
Maximum limit ofm is 5 for this receiver, and its limitmay increase
or decrease depending upon the output frequency resolution and
input frequency band.

X (
QDm

PDm

)∣
fn={f1,f2,f3,…fn}

=

⎧{{{{{
⎨{{{{{⎩

tan−1 QDm

PDm

if PDm
and QDm

> 0

− 𝜋
2

+ tan−1 QDm

PDm

if QDm
> 0 and PDm

< 0
𝜋
2

+ tan−1 QDm

PDm

if QDm
< 0 and PDm

> 0

− 𝜋
2

− tan−1 (QDm

PDm

) if QDm
< 0 and PDm

< 0

undefined if PDm
= QDm

= 0

(12)

Few instantaneous unwrapped phases are calculated by using
Eq. (11–16) (as samples) to understand the steps carried out in the
excel sheet. Let us consider three sets of random instantaneous val-
ues of (QDm, PDm) (0.25581, −0.07267), (−0.18957, 0.01074), and
(−0.10616, −0.11196) for m = 3, 4, and 5, respectively. Thereby,
second, third, and fourth conditions of Eq. (12) have been satisfied
for the first, second, and third set of values, respectively, to calcu-
late 𝜒(QDm/PDm). These calculated values are −0.27679, 3.084999,
and −2.32961. The instantaneous wrapped phase can be calculated
by putting 𝜒(QDm/PDm) values into Eq. (11), and the calculated
wrapped phase are 164∘, 357∘, and 47∘, respectively. The instan-
taneous wrapped phase of any delay line must be unwrapped to
calculate final phase nonlinearities of that respective delay lines.
Instant number of cycle (CN, count increased by 1 when it crosses
360∘) for any delay line (Dm) must be known to unwrap phase from
wrapped phase data (𝜙wrap(new)). This can be calculated by using
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Figure 3. Final calculated error frequency against applied input
frequency over 1–10 GHz band.

Figure 4. Measured phase nonlinearity for five phase correlators.

unwrapped phase of Dm-1th delay line (𝜙unwrap(new)), line ratio,
and wrapped phase of Dmth delay line (𝜙wrap(new)), respectively.
Another simple way of calculating the value of CN is by count-
ing howmany 360∘ cycles are completed within the wrapped phase
itself. In the same way, line ratio is calculated from the slope of the
unwrap phase of subsequent lines. If the slope of the unwrap phase
of mth and (m + 1)th are Rm and Rm+1, respectively, then the line
ratio is calculated by Eq. (13).

Rl =
Rm+1 (∅(m+1), unwrap(intial))

Rm (∅m, unwrap(intial))
. (13)

Now CN is defined in terms of Rl by

CN = Round(MOD(Round {(
∅unwrap(new) (Dm−1) × Rl

360 )

− (
∅wrap(new) (Dm)

360 ) ,Rl} (14)

where m = 2, 3, 4, … for an instance, consider m = 5, then N = 1,
2, … 4 and the C4 can be written as in Eq. (15)

C4 = Round(MOD(Round {(
∅unwrap(new) (D4) × R4

360 )

− (
∅wrap(new) (D5)

360 ) ,R1 × R2 × R3 × R4} (15)

The precise unwrapped phase 𝜙unwrap(pre) for Dm delay line is
calculated using Eq. (16).

∅unwrap(pre)(Dm) = CN |Dm=D2to D5

× 360 + Round ∣180𝜋 𝜒 (QDi
PDi

) + 180∣ (16)

Previously calculated wrapped phase values (164∘, 357∘, and
47∘) can be used to compute instantaneous unwrapped phases
using Eq. (16). Computed CN values for above three wrapped
phases are 0, 0, and 7, respectively. Now final unwrapped phases
for the above values are 164∘, 357∘, and 2567∘, respectively. Ideal
instantaneous unwrap phase now must be calculated to find out
phase deviations for the respective delay lines. For n discrete
frequency points (where n discrete points cover the whole band-
width), ideal unwrap phase is calculated by using Eq. (17), where
𝜉Di, ̄𝜙unwrap(pre), f ci, and ̄fci are ideal, average of calculated instan-
taneous unwrapped discrete phase, instantaneous average phase
over f c1 to f cn discrete frequency points, ith input frequency, and
average of total number of frequency points, respectively.

ℵDi = ∅unwrap(pre) (Dm)

−
∑ (∅unwrap(pre) − ̄∅unwrap(pre)) (fci − ̄fci)

∑ (fci − ̄fci)
2 × fci, (17)

where f ci = {f c1, f c2, f c3, …, f cn}
and

Average (ℵDi) =
∑fcn

f=fc1
ℵDi

∑ f = fc1
fcnf

(18)
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Figure 5. Measured I and Q output voltage level for D5 phase
correlators at the output port for the 1–10 GHz band.

Figure 6. Measured Q path relative phases over I reference path for
five phase correlators over the 1–10 GHz band.

Figure 7. Measured power levels for all five I and five Q LO paths (reference) in
dBm against input frequency band.

Now the final ideal unwrap phase is

𝜉Di =
∑ (∅unwrap(pre) − ̄∅unwrap(pre)) (fci − ̄fci)

∑ (fci − ̄fci)
2

× fci + Average (ℵDi) . (19)
Ideal unwrapped phases have been calculated by using Eq. (19)

against the practically computed unwrapped phase values (164∘,
357∘, and 2567∘). Calculated new ideal unwrap phase values are

159.3∘, 368.77∘, and 2618.22∘. If the system were purely ideal,
then the above calculated unwrap phase values would have been
159.3∘, 368.77∘, and 2618.22∘ instead of 164∘, 357∘, and 2567∘, but
practically that is not possible.

Δ𝜉 = ∅unwrap(pre) (Dm) − 𝜉Di ≈ Δ𝜓 (k1mmax) . (20)
Equation (20) is used to find out the phase nonlinearity for

any phase correlator, where Δ𝜉 is the computed phase nonlin-
earity. Thus, calculated final phase nonlinearities for m = 3, 4,

https://doi.org/10.1017/S175907872300048X Published online by Cambridge University Press

https://doi.org/10.1017/S175907872300048X


International Journal of Microwave and Wireless Technologies 1723

Figure 8. Measured power levels for all five I and five Q RF paths
(delayed) in dBm against the input frequency band.

and 5 are 4.61∘, −11.77∘, and −51.22∘, respectively, for the above
𝜙unwrap(pre) values. The whole exercise is carried out in the excel
sheet. Error in computed phase nonlinearity by following this
method is <1% from actual value due to rounding off 𝜙unwrap(pre).
Phase nonlinearity calculation is easily carried out instead of using
Eq. (9).

Design problem identification

All sub-modules used in these phase correlators are tested sepa-
rately and then integrated within a metallic housing. Then stage-
by-stage evaluation is carried out. At last, final frequencies are
resolved and error frequency calculated by subtracting the resolved
frequencies from applied input frequencies. Resolved and error
frequencies have been plotted against input frequency and shown
in Fig. 3 for three various power levels, that is, low (−55 dBm),
medium (−25 dBm), and high (+5 dBm), respectively. From the
figure it is evident that error frequencies inmost of the discrete fre-
quency points are very high at all the power levels (from the speci-
fied values, especially at higher power levels). It is about ±200MHz
in few frequency points and more than ±50 MHz in many of the
frequency points. Thus, the calculated rms value of the error fre-
quency is far more than 3MHz. As per specification, only ±9MHz
or 3𝜎 absolute frequency spreading is acceptable, but the plotted
error as shown in Fig. 3 is far beyond the acceptable specifications.
Thus, root cause analysis of this fault has now been initiated in the
backward direction from the error frequency calculation. During
investigation, it was found that the phase nonlinearity data inspec-
tion was unfortunately skipped while evaluating the module. This
was the last step, which had to be performed before error frequency
calculation butmissed due to the high confidence level of precision.
Now phase nonlinearity of each phase correlator has been checked
and plotted against input frequency. Measured phase nonlineari-
ties for five phase correlators at mid power level (−25 dBm) are
shown in Fig. 4. Measured phase nonlinearity for D4 and D5 phase
correlators are the worst comparably fromD1, D2, and D3, respec-
tively. Overall phase nonlinearity of D5 phase correlator is almost
±60∘ for most of the frequency pockets and reaches −85∘ between
1 and 2 GHz bands at room temperature (RT) itself! Phase non-
linearity of D4 line is also very poor for 1–3 GHz, 6–7.5 GHz, and
beyond 9 GHz frequency bands, respectively, as per Fig. 4 at RT.
Maximum phase nonlinearity that can be accommodated for any
correlator is ±40∘ for rl = 3.5 over the temperature −40∘C–71∘C.

Now it is clear that why is error frequency far beyond 3 MHz rms?
Thereby, fault finding process has been carried out one step back-
ward to verify amplitude and shapes of yp(t) and yq(t) for all the
phase correlators. Power levels for all LO and RF ports of phase
correlators had been set enough; hence, output of I and Q levels
are >±180 mV at the evaluation stage. This is another internal
specification for digital processor card to avoid least significant bit
resolution issue of analog to digital converter. A sample I and Q
output of D5 correlator is shown in Fig. 5. Here I and Q levels
are abruptly changing over frequency, and in some places, I and Q
levels do not reach the specifications (>±180 mV). The most sig-
nificant issue noticed is that the phase difference between I and Q
output is randomly varying over frequency instead of maintaining
at 90∘. Ideally, phase shift between I and Q output must exactly be
90∘ over the whole frequency band.This is one of themajor reasons
of very high-phase nonlinearities for D4 and D5 phase correlators,
respectively. Same issue has also been observed for the other corre-
lators but with less intensity. This phenomenon indicates that there
must be phase irregularities between I and Q channels of all phase
correlators. Hence, again all the power and phase levels of d(t) and
r(t) for all the phase correlators have been reassessed. Unwrapped
phase of Q path has been tracked with respect to I path (refer-
ence) for all five phase correlators. Measured tracked Q path phase
response is shown in the Fig. 6. Measured phase variations for Q
paths against reference path is>±25∘, which is not at all acceptable
to achieve<±35∘ phase nonlinearities for D4 and D5 phase corre-
lators, respectively. Now power levels of I and Q paths have been
investigated.Measured I andQpower levels for all LO andRFpaths
are shown in Figs. 7 and 8, respectively, and the levels are varying
over ±4 dBm and ±8 dBm. Response of LO and RF power levels
are not flat enough, as well as interchannel power variations are
also very high. I and Q output voltages do not reach the specified
level (>±180 mV) at the higher frequencies due to abrupt flatness
(±8 dBm) of RF channels. These above mentioned problems are
the main troublemakers for increasing the final phase nonlinear-
ities of the phase correlators; thus, these issues must be addresses
with proper solutions.

Corrective action

Corrective actions must be taken to resolve all the above identified
issues. From the above analysis, the below course of corrections
must be exercised.
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Figure 9. Measured power levels phase correlator with arbitrary delay length.
(a) I output with high LO and RF power; (b) I output with proper LO and RF
power; (c) Output I and Q waveform for high LO and RF input; (d) Output I and
Q waveform with almost 90∘ equal phase difference in all the cycles for 9 dBm
LO and 6 dBm RF input.

Figure 10. Measured power levels for all 10 I and Q LO ports in dBm of
five sets of phase correlators.

1. LO and RF power of mixers must be set to a fixed level; thereby,
I and Q waveforms become uniform over frequency.

2. Maintain maximum power level difference between LO and RF
to produce >±180 mV I and Q outputs, respectively.
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Figure 11. Measured power levels for all 10 I and Q RF paths in dBm
at phase correlator input ports.

Figure 12. Measured power level difference for all 10 I and Q LO–RF
paths at I and Q port of phase correlators of 1–10 GHz frequency band.

Figure 13. Corrected and measured Q path phase over I reference
path for five phase correlators.

3. Phase tracking betweenQand I (reference) of LOchannelsmust
be corrected. Phase tolerance between Q and I paths must be
within ±10∘ (90 ± 10∘).

4. Overall, 90∘ phase shifts between I and Q (IF output) wave-
form must be maintained in all the cycles to calculate phase
nonlinearity in each phase correlator.
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Figure 14. Measured phase tracking response of I and Q path mixers
against reference mixer used in the five phase correlators.

Figure 15. The sample phase comparison between measured wrapped
phase before correction and after correction of D5 phase correlator.

Figure 16. The measured final phase nonlinearity of D5 phase
correlator.

To carry out the above steps, a sample phase correlator with
arbitrary delay has been considered for experimentation. It has
been decided that final corrections in themain housing will be car-
ried out after finalizing all the above mentioned parameters in the
sample phase correlator (SPC). This SPC has been experimented

with various LO–RF level differences. I and Q levels, phase differ-
ences, phase nonlinearity, etc., have been measured at the output
of the SPC to optimize the LO and RF power levels. This opti-
mization helps to generate uniform I and Q voltage levels with
minimum phase nonlinearity. Two samples of I outputs are shown
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Figure 17. The developed prototype: (a) RF section and (b) digital section.

in Fig. 9 for two different LO and RF power levels, respectively.
Here outputs in (a) and (b) of Fig. 9 are for 15 dBm LO with
3 dBm RF (LO–RF = 12 dBm) and 9 dBm LO with 6 dBm RF
(LO–RF = 3 dBm), respectively. Output of Q mixer of this SPC
also follows the same responses thus not included here. Phase dif-
ference between I and Q of Fig. 9(b) is almost 90∘ rather varying
randomly in the case of Fig. 9(a). From the above figure, response of
(b) ismore convincing in all the respects. Hence, it can be predicted
that phase nonlinearity will be controlled in case of (b) instead
of case (a), respectively. A sample I and Q waveform for 15 dBm
LO and 12 dBm RF is shown in Fig. 9(c). Here I and Q wave-
forms are not uniform due to highly nonlinear RF signal. Phase
shift between I and Q waveforms are also not maintained at 90∘

due to nonlinearity effects. Wrinkles in I and Q waveform create
high-phase nonlinearity at the output. From the above experiment,
satisfactory output has come with 9 dBm LO and 6 dBm RF power

(LO–RF = 3 dBm) withM1-0012mixer part.Thereby, these power
levels have been standardized for all the phase correlators. In both
the cases (“a” and “b”), amplifiers are in nonlinear region but in
case of (b), power level of LO is less from (a) and RF power level
just beyond the P1dB (4 dBm).Thereby, this combinationwill push
amplifiers in the reference path into less nonlinearity as compared
to (a) and will procure better phase nonlinearity. Phase difference
between I and Q output is shown in (d) and is almost 90∘. Hence,
gaps between two waveforms are equally maintained in each cycle.
From the above experimentation, it is evident that when incident
LO power is average drive level and RF power is just beyond P1dB
of the mixer then, I and Q waveforms are almost uniform. Thus,
phase nonlinearity is also controllable. This approach is imple-
mented to all phase correlators of themain housing. Corrected and
measured power levels for all 10 LOs (I andQ) are shown in Fig. 10.
This is done by putting various equalizers having different slopes
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Figure 18. The measured final output frequency and error frequency.

and attenuators [19, 20]. Power adjustment has been carried out
from P2 (in Fig. 2). Several discrete component equalizers with lin-
ear and parabolic characteristics have been designed and used to
improve RF power levels. Flatness of all LO channels have been
corrected using the above technique. Judicious use of attenuators
keeps each amplifier just beyond P1dB.Thismethod does not push
the next amplifier unnecessarily into hard saturation. Specification
for LOdrive level is set to 9 ± 1.5 dBm for the entire band. Adjusted
and measured power levels for all 10 RF (I and Q) delayed paths
are shown in Fig. 11. Here 6 dBm minimum (8 ± 1.5 dBm) power
is set at the highest frequency. It is observed that usage of more
equalizers across amplifiers produce oscillations due to amplifier
mismatch (input/output). Thus, flatness improvement is not car-
ried out beyond the above mentioned limits. Difference of power
level between LO (reference) and RF (delayed) is shown in Fig.
12. Here the difference is within ±1.5 dB. This power level differ-
ence before amplitude adjustment was ±3.5 dB with 8 dB positive
slope as shown in Figs. 7 and 8. Power level and flatness correction
have fulfilled the first two objectives (i and ii). Now, next target
is to keep 90∘ ± 10∘ phase tracking between Q and I LO. Phase
of I and Q LO paths have to be fine-tuned to achieve it. Tracked
phase datawere not smooth (as shown in the Fig. 6) due to the pres-
ence of over/undershoots in the power level at those points. When
power level varies randomly, then it experiences more nonlineari-
ties and the results abrupt phase deviation at the output. Equalizers
that were used for power adjustment also helped significantly to
improve phase flatness. In the development stage, each module
was evaluated by tracking amplitude, flatness, P1dB (by adjusting
input power and current), best harmonics performance, etc. Phase
tracking for few sub-modules were not done carefully assuming it
may not affect final output substantially. Henceforth, each channel
is tracked with better phase-tracked components. All active and
passive components are phase matched within 5∘. Every channel
is tuned by readjusting the lengths. Extra stubs are also used in
few places to keep phase tracking <5∘. Various types of transmis-
sion lines are also used to keep phase convergence within limit.
Power levels have again been readjusted after phase match to keep
every parameter within the committed targets. Phase tracking of Q
against I channels is shown in Fig. 13.Here tracked phase responses
are smooth without abrupt over/undershoots due to corrections.
Measured phase of Q channels from reference (I channel) is within
90∘ ± 11.5∘, which is close to the targeted tolerance value (±10∘).

This correction leads 90 phase shift between I and Q waveform at
the mixer output; thus, the other two objectives are also fulfilled
(iii and iv). Initially, mixers of I and Q channel were not phase-
tracked. Phase imbalance between I and Q mixers also contribute
to the final phase nonlinearities. Thus, they are also now phase-
tracked and five different pairs have been made according to their
phase responses. Phase-tracked mixers for I and Q channels are
shown in Fig. 14. All the phase and amplitude tracking have been
carried out by using vector network analyzer as input and output
frequencies are the same (before down conversion). Instantaneous
I and Q discrete data samples have been collected (for entire band)
by using a simple program with the help of digital accumulation
card (DAQ).

Result discussion

Finally, phase nonlinearity check has been carried out after ful-
filling all the above objectives. Routing of I and Q output lines is
done carefully with proper grounding. Now DAQ is connected to
fetch the output of all five phase correlators simultaneously. The
whole data sample collection process is semi-automatic. Initially,
few I and Q data samples have been collected and examined. LO
and RF port of the phase correlator has been matched slightly
based on the nature of I and Q samples. This small modification
(gaps between RF tracks and mixer modules) has smoothened the
I and Q outputs, especially for D4 and D5 (which having longest
delay lines). Extra substrate has been used to fill the unwanted
gaps beneath the RF interconnects wherever gaps are >100 μm.
It has improved the quality of I and Q data. This process in turn
improves the final phase nonlinearity. Wrapped phase of arbitrary
delay (>D3) phase correlator is shown in Fig 15. Wrapped phase
comparison between before and after corrections (I and Q path
power levels and phase adjustments) is shown here. As shown in
Fig. 15, wrapped phase is highly nonuniform over frequency before
power levels and phase corrections (dotted line response) were not
carried out. Hence, phase nonlinearity was very high at lower fre-
quencies. Most alarming issue in phase data was that same amount
of phase information had been repeating for multiple frequency
points due to non-uniformity. Hence, it was merely impossible to
resolve the final frequency by using digital algorithm. Corrected
wrapped phase has not produced such non-uniformities; thus, fre-
quency resolve algorithm can easily be applied over it. Final phase

https://doi.org/10.1017/S175907872300048X Published online by Cambridge University Press

https://doi.org/10.1017/S175907872300048X


International Journal of Microwave and Wireless Technologies 1729

nonlinearity for D5 having longest delay line is shown in Fig. 16.
Maximum measured phase nonlinearity (in Fig. 16) is well within
±35∘ for rl = 3.8. Controlled phase nonlinearity is achieved for
1–2.5 GHz bands (within −40∘ to +22∘) as compared to previous
data (−85∘ to +58∘). Overall phase nonlinearity in Fig. 16 is within
±25∘ throughout the band except few random pockets. Phase non-
linearities for other phase correlators have also been calculated as
well. Nonlinearity response for D5 phase correlator is only shared
here as it has contributed tomaximumphase nonlinearities among
all the phase correlators. Calculated phase nonlinearities for D1,
D2, D3, and D4 phase correlators are within ±15∘, ±17∘, ±20∘, and
±22∘, respectively. Error frequency and final resolved frequency
have been calculated by using asymmetric digital algorithm. Better
algorithm can calculate output frequency with better accuracy for
the same kind of input I and Q waveforms [17, 18]. To prove the
concept, four modules have been developed and evaluated over
temperature (–40∘C to +71∘C). RF and digital sections of this
receiver have been shown in Fig. 17(a) and (b), respectively. Digital
card is stacked over multi-stacked RF module. Final resolved fre-
quency and error frequency have been plotted in Fig. 18.Here error
frequency is <±9 MHz and calculated rms frequency is 2.6 MHz,
which iswell within the specification (<3MHz).Digital processing
card is used to hold frequency consistency by correcting the final
output digitally overwide temperature range (–40∘C to+71∘C) and
other environmental specification requirements (ESS, SOFT, and
QT).

Conclusion

Phase nonlinearity reduction techniques have been discussed in
this article in detail. Thorough phase nonlinearity estimation and
calculation is carried out step by step with example by using excel
sheet. Simple technique of finding out nonlinearity has also been
demonstrated by considering I and Q outputs, respectively, instead
of stage-wise RF power levels. Every issue of phase nonlinearity
has been acknowledged with exact root cause analysis. Relation
between errors in output frequency against phase nonlinearity of
phase correlators has been tracked in this article. It is concluded
that amplifiers in the reference path must be within soft saturation
and must produce best uniform outputs over wide dynamic range.
Experimentations have been carried out to finalize the optimum
RF and LO port power level for phase correlators and standard-
ize them for mass production. Power level adjustment and flatness
corrections of LO and RF channels before mixer are also discussed
in detail. This article recommends RF power level has to be within
or just beyond P1dB of the mixer. LO drive must be within aver-
age drive level to get best I and Q waveforms. These corrections
in power level have helped to reduce the final phase nonlinearity
drastically. Thus, it is concluded that the implemented techniques
for phase nonlinearity reduction are successful.
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