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The discrimination of quantum states is fundamental to quantum information processing. Inverse-squeezing
Kennedy (IS-Kennedy) receivers can outperform the coherent-state binary phase-shift-keyed Helstrom bench-
mark at the same energy by converting transmitter-side squeezing into an effective coherent-state separation gain,
without violating the Helstrom bound for the squeezed-state alphabet. This work investigates how squeezing
mismatch degrades this mechanism. We show that imperfect inverse squeezing transforms the ideally nulled
output into a residually squeezed state, thereby altering the photon-number statistics before detection. This
residual-squeezing picture reveals a strong physical asymmetry between squeezing-magnitude and squeezing-
phase mismatches. Magnitude mismatch produces an energy-independent error floor in the high-signal-energy
regime, whereas phase mismatch generates a residual-squeezing term that grows with signal energy. In the
small-residual-squeezing regime, this leads to a polynomial growth of the leading error contribution and
a rapid collapse of the standard quantum limit advantage. We also identify a parity-step effect in photon-
number-resolving detection: Because the nulled residual squeezed vacuum contains only even photon numbers,
increasing detector resolution improves the high-energy robustness only when the effective saturation threshold
crosses the next even photon number. These results identify phase locking as the dominant bottleneck for
IS-Kennedy-type non-Gaussian receivers under unitary squeezing mismatch and provide design guidelines for

robust squeezed-state quantum receivers.
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I. INTRODUCTION

Quantum state discrimination is a central task in quantum
communication and quantum measurement theory. For binary
optical communication, classical measurements such as ho-
modyne detection or direct detection are generally limited
by the standard quantum limit (SQL) [1], and the mini-
mum error probability is set by the Helstrom bound (HB)
that is governed by the nonorthogonality of quantum states
[2]. A major objective in quantum receiver design is there-
fore to construct physically implementable measurements that
approach the Helstrom bound while using experimentally
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accessible optical operations. Prominent examples include
static displacement receivers [3—5], adaptive displacement re-
ceivers [6-8], classical-quantum hybrid receivers [9-11], and
Gaussian-operation-assisted receivers [12,13].

Most studies of quantum receivers have focused on
coherent-state alphabets, because of the experimental acces-
sibility and robustness under bosonic loss of coherent state
[14-16]. A different route is to exploit nonclassical trans-
mitter states whose intrinsic overlap is smaller than that
of coherent states at the same energy [17-19]. Reference
[18] demonstrates that, under the same energy, the Hel-
strom bound for binary phase-shift-keyed (BPSK) displaced
squeezed vacuum states (S-BPSK) is lower than that for
coherent states (C-BPSK). An inverse-squeezing Kennedy
(IS-Kennedy) receiver has recently been introduced for S-
BPSK discrimination [20]. In the ideal case, the receiver
first applies a Kennedy-nulling displacement to map one hy-
pothesis to a squeezed vacuum and the other to a displaced
squeezed state. It then applies an inverse-squeezing (IS)
operation matched to the signal squeezing. When this
matching is exact, the squeezed on-off-keyed alphabet is
transformed into a coherent-state on-off-keyed alphabet. As

Published by the American Physical Society
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a result, the squeezing resource is converted into an effective
coherent-energy gain before photon counting, allowing the
receiver to outperform the S-BPSK SQL and the C-BPSK HB
over a broad range of signal energies. In Ref. [20], we further
investigated the IS-Kennedy receiver under several practical
imperfections, including channel phase diffusion and pure
transmission loss. The results showed that the receiver can
retain a discrimination advantage under phase diffusion over
finite signal-energy ranges. Under transmission loss, although
the squeezing-enabled gain is progressively suppressed with
increasing propagation loss, the IS-Kennedy can still outper-
form the conventional Kennedy receiver over a finite range of
link lengths, particularly in the low-signal-energy regime.

This ideal mechanism, however, relies on an exact can-
cellation between the signal squeezing and the receiver
squeezing. In practice, the inverse-squeezing operation is af-
fected by finite calibration accuracy, pump fluctuations, and
phase-locking errors [21,22]. In this work, we investigate mis-
match in the IS-Kennedy receiver for S-BPSK discrimination.
We show that mismatch is equivalent to a residual squeezing
before photon-number detection, which makes the optimal
maximum-a-posteriori (MAP) decision generally non-single-
threshold. We further show that the receiver is much more
sensitive to phase mismatch than to magnitude mismatch.
These results clarify the physical origin of mismatch-induced
degradation and identify the phase-locking accuracy required
for practical implementations of inverse-squeezing receivers.

The rest of this work is organized as follows. Section II
introduces the ideal inverse-squeezing Kennedy receiver. Sec-
tion III formulates the mismatch model. Section IV presents
numerical simulations and mismatch-tolerance maps relative
to the S-BPSK SQL. Section V summarizes the key findings
and analyzes potential application scenarios.

II. MODELING THE IDEAL IS-KENNEDY RECEIVER
The S-BPSK signals to be discriminated are given by [18]
hypothesis 0 : [/o) = D(—a)S(r) |0) ~ po,
hypothesis 1 : |¢1) = D(+a)S(r)|0) ~ p;. €))]
Without loss of generality, « is chosen to be real, and the
mean photon numbers of the signals are N = |«|* + sinh?(r).
Throughout this work, equal a priori probabilities are as-
sumed, i.e., g = m; = 0.5.

Reference [18] defines the squeezing fraction S (the share
of the total energy stored in squeezing) to quantify the advan-

J

& = S(=r)oiST(=r) ~ {

In the general case, y = @ coshr + «*sinhr. In this work,
o € Ry, soy = ae’. Therefore, we define

y2ad, N2yl =lafe =NWN+1). (6)
Next, PNR detection is performed on ¢;, yielding an output

photon number n. The positive operator-valued measure for
an ideal PNR detector with resolution M, denoted as PNR(M),

S(=r)$(r)10) = 10),

n photons

>0

X U =S(-r)D(a) o 4

FIG. 1. Schematic of the IS-Kennedy receiver for binary dis-
placed squeezed-state discrimination. The input state p; is first
displaced by D(«) to perform Kennedy nulling, producing the in-
termediate squeezed on-off-keyed state o;. An inverse-squeezing
operation is then applied, followed by a photon-number-resolving
detector with resolution M, denoted as PNR(M). The detected photon
number is finally processed using the MAP decision rule.

tage of S-BPSK:

N sinhz(r)
B = N )

In addition, under ideal condition, the optimal squeezing frac-
tion is Bop = %ﬂ at which point Helstrom bound and SQL
of S-BPSK are minimized [18]. In this work, all S-BPSK
employ the optimal squeezing fraction Bop:

o = /N = Bop),
r = sinh™! /N Bopt
e’ = JNONETD). 3)

We model the inverse-squeezing Kennedy receiver [20] as
follows. Figure 1 schematically illustrates the receiver.

Under ideal condition, first, the received signal interferes
with a local oscillator on a highly transmissive beam splitter
(r — 1) to perform the Kennedy-nulling displacement D(«).
Consequently, the S-BPSK alphabet is mapped to a squeezed-
state on-off-keying (S-OOK) alphabet o;:

{S(r)|0>,

o1 ~ D)) = @)

D(2a)S(r)|0),

Subsequently, o; passes through the IS module S(—r), map-
ping the S-OOK alphabet to a coherent-state on-off-keying
alphabet ¢;:

i=0,
5
S(—=r)DQRw)S(r)|0) = DQae") |0) = |2y), i=1. ®)
[
is given by
I1 n=0,1,.... M —1
M) __ n» s Ly ) 3
IL," = {H ML, a=M, @)

where I1,, = |n) (n|, n =0, 1,2, ... and [ is the identity ma-
trix in the Fock representation.
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Therefore, the probability of detecting n photons given hypothesis i is given by

P(nli) = Tr{¢; x I} = {

where Poiss(n; u) = e’“%; 1o =0 and pw; = 4N are the

mean photon number of ¢, and ¢;, respectively. Then, the
posterior probabilities are given by

wP(li) Pl
> mPnlk) Y, P(nlk)’
The MAP decision rule is given by

P(iln) = ©))

R 1, P@=1|n) 2> PG=_0ln),
i(n) = . (10)
0, otherwise,

where 7 is the decision of IS-Kennedy receiver. When the
likelihood function L(n) = In I;EZE?; is monotonic, the MAP
decision is equivalent to a single-threshold decision [20], with
the optimal threshold denoted as njj. For the exact-nulling
configuration considered here, under ideal inverse-squeezing
conditions, the optimal threshold is nj; = 1, which means that
PNR detector does not provide a performance advantage over
single-photon detector (SPD) in this case [20]. So the error

probability of IS-Kennedy is given by
Pl = 1 (P + Puy)
= P > njli=0)+Pn < njli = 1)]
= pPRi%l(Ng) = Lexp[-4N(N + D], (11)

where Ppa and Py are the false alarm probability (deciding
1 when O is sent) and the miss probability (deciding 0 when
1 is sent), respectively, and PXidal jg the ideal probability of
the Kennedy receiver [3]. From this, it can be seen that the IS-
Kennedy converts the squeezing resources of S-BPSK signals
into higher coherent energy advantage (N — Neg = N(N +
1)) through the IS module, thereby achieving a lower error
probability. Compared to quantum receiver for coherent-state
discrimination, the energy gain brought by the IS-Kennedy
takes the form

Nee
G = 10 x log,, (7“) =10 x log,y (N + 1) (dB). (12)

Relation to optimized displacement. In the present work,
we adopt the exact Kennedy-nulling displacement D(«) in
order to isolate the effect of inverse-squeezing mismatch.
We emphasize, however, that exact nulling is not in general
the optimal displacement for minimum-error discrimination,
as is well known for generalized displacement receivers [4].
To see the connection explicitly, consider replacing D(«) by
D(« + ), where § denotes an additional displacement offset.
Under ideal inverse squeezing,

S(=r)D(a + 8) [Yo) = [8etr).
S(=r)D(e + 8) |Y1) = |2y + beit), 13)

where Seif = § coshr + 6* sinh 7. Thus, optimizing the dis-
placement in an ideally matched IS-Kennedy receiver is
mathematically equivalent to the optimized-displacement

Poiss(n; 11;),
1— kM:_O] Poiss(k; i),

n=0,1,....,.M—1,

"M, ®)

(

problem for a coherent-state receiver, with the coherent ampli-
tudes rescaled by the inverse-squeezing gain. Consequently,
6 = 0, corresponding to exact nulling, is not expected to be
universally optimal. We nevertheless retain the exact-nulling
configuration throughout this work because our objective is
to isolate and characterize the degradation mechanism caused
specifically by squeezing mismatch.

III. MODELING THE IS-KENNEDY UNDER SQUEEZING
MISMATCH CONDITION

In practical experimental setups, deviations between the
receiver’s squeezing parameters and the input signal are
inevitable due to factors such as finite calibration accu-
racy, pump fluctuations, and phase-locking errors. This
phenomenon is referred to as squeezing mismatch. Without
loss of generality, we adopt a simplified model where the
transmitter performs perfect squeezing and the optical path
is lossless, attributing all squeezing adaptation errors solely to
the IS module. We denote the squeezing parameter applied by
the IS module by

j=v-1 (14)

where Ar represents the magnitude mismatch and A6 rep-
resents the phase mismatch. Under ideal conditions, Ar =
AB = 0.

Under mismatch conditions, the overall transformation of
the receiver is given by

&= (—r+ Ane/*,

w o sep@ ) = 1o =0 s
. ~ s o i) =
ek Swl2y). i=1.

Here, the composite squeezing operator is defined as Sy =
S(z5)S(r), which reduces to the identity operator Sy = I in
the ideal case. Thus, the essence of the mismatch is encapsu-
lated within S;;. The Wigner functions of the output states ™
under different squeezing-mismatch conditions are shown in
Fig. 2.

More generally, if an additional displacement offset & is
introduced, Eq. (15) becomes

G" ~ Solden), 4"~ Swl2y +da). (16)

Therefore, in the presence of squeezing mismatch, displace-
ment optimization becomes coupled to the residual-squeezing
parameters. Jointly optimizing the displacement and inverse-
squeezing settings may further reduce the discrimination
error, but such an optimization would introduce an additional
control dimension beyond the residual-squeezing mechanism
studied here and is left for future work.

Using the single-mode Gaussian operator decomposition,
this operator can always be expressed as

Siot = R() S(zp), a7
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FIG. 2. The Wigner functions of ;™ and ¢;™ with mean photon number of N = 1.0, under different squeezing mismatch cases.

where R(%) = exp(—j¥a’a) is a phase rotation and S(z,,)
represents the equivalent residual squeezing with parameter
Zm = I'me/?n. Since R(¥) contributes only a phase factor in the
Fock basis and does not alter the photon-number distribution,
the impact of mismatch on PNR statistics for a given energy
N is determined solely by the residual-squeezing parameters
(Fms Om)-

Next, we determine (r,,, 6,,) using the Bogoliubov transfor-
mation. Letting ry 2 —r + Ar and 6; £ A6, the coefficients
for the transformation StTotaStol = xa + ya' are derived as

x = cosh(ry) cosh r + ¢/ sinh(r,) sinh r,

y = — cosh(ry) sinh r — e/ sinh(ry) cosh r, (18)
satisfying the unitarity condition |x|*> — |y|*> = 1. Conse-
quently, we obtain

rm = arcsinh(|y|), ¢ = —arg(x), 6, = arg(—y) — arg(x).

19)

In practical scenarios characterized by small mismatches
(Ar <1, |A0] <« 1) [21,22], a first-order approximation
yields

A
YR —Ar+j - sinh(2r), (20)

which leads to

A6 :
T \/(Ar)2 + (7 sinh 2r> ,

LAO .10
O, = arg Ar—]T sinh (2r) ) + A@ sinh” r.

@

Equation (21) reveals that the total residual squeezing r,,
is significantly more sensitive to the phase mismatch A6
than to the magnitude mismatch Ar. This arises because the
phase mismatch term is scaled by the coefficient % sinh(2r),
which grows rapidly with the squeezing parameter r (and
thus the signal energy N). This leads to a “dominant masking
effect”: In the presence of non-negligible phase mismatch,
its contribution to r,, typically far exceeds that of the mag-
nitude mismatch. Given the geometric relationship r, ~
V(Ar)? + (KAB)?2, the value of r,, becomes almost entirely
determined by the phase mismatch term. This explains the
phenomenon observed in the simulation results, as illustrated
in Figs. 3(a) and 3(b) , where the error-probability curves for
(Ar, AG) = (0.00, 0.037) and (0.02, 0.037) nearly coincide.
Consequently, in experimental systems, the requirement for
phase-locking precision is much more stringent than that for
magnitude matching.
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FIG. 3. Performance analysis of the IS-Kennedy receiver under inverse-squeezing mismatch conditions. (a) Error probability of IS-
Kennedy with SPD. (b) Error probability of IS-Kennedy with PNR(3). (c) The performance ratio (in dB) of IS-Kennedy with PNR(10)
relative to the S-BPSK SQL [Pssé‘ips'( = %erfc(\/ZN (N + 1))]. (d) The Fock-basis population of ¢;™, ¢;™ with inverse-squeezing mismatch of

Ar=0.02, AG =0.037.

For phase-only mismatch (Ar = 0), we obtain

Ab NN +1
Iy R 1491 sinh(2r) = |Af] NV £ 1D ),
2 2N +1

O ~ —% sen(AB) + A6 sinh? r = —% sen(Af)

2

A6 d 27). 22
+ INFI (mod 2m) (22)
For magnitude-only mismatch (A6 = 0), we obtain
0, Ar<9O0
Fm X |AF|, Oy = {71, Ay < (mod2m).  (23)

We now calculate the photon-number probability distribu-
tion of ¢™. Ignoring the rotation R(¥}) that does not affect
photon statistics, the equivalent output states derived from
Eq. (17) are

g~ SEwl0), & ~ S@Em)I2y).

To utilize standard photon-number distribution formulas, we
rewrite ;™ as a displaced squeezed vacuum state:

é_]sm ~ S(Zm)|2y) = D(2y111)S(Zm)|O>7

(24)

(25)
where
Ym = y cosh r,, — y*e® sinh r,,. (26)

Consequently, the Poissonian distribution valid for the ideal
IS-Kennedy [Eq. (8)] no longer applies. For an ideal PNR(M)

detector (considering only finite resolution), the probability
of detecting n photons given hypothesis i can be written
as

pivs(rm)v

P(nli) = Tr(I1, &™) = { 27

P QY T O), i =1,

where the corresponding distribution is used forn < M — 1,
and the truncation/saturation bin is defined as P(n = M|i) =
1-— 224:_01 P(n|i). Here, p}¥*(r,,) denotes the photon-number
distribution of the squeezed vacuum state [Eq. (A2)], and
p‘,’fs(2ym, Tms 6n) denotes that of the displaced squeezed vac-
uum state [Eq. (A3)].

The introduction of mismatch results in ;™ becoming a
squeezed vacuum state (containing only even photon num-
bers), while ;™ becomes a displaced squeezed vacuum state
whose Fock distribution generally exhibits even-odd oscilla-
tions, as shown in Fig. 3(d). This implies that the likelihood
function L(n) does not necessarily vary monotonically with
the photon number n. Consequently, the MAP decision gen-
erally becomes a set-based decision (potentially involving a
multithreshold structure) rather than a simple single-threshold
test. Therefore, the minimum error probability [Eq. (11)] is
reformulated as

M
1
piSkem — 1 _ 3 > max {P(n|i = 0), P(n]i = 1)}. (28)
n=0

When employing an SPD, the observation yields only two
outcomes: n = 0 (no click) and n > 1 (click). Under equal
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priors, the MAP decision is equivalent to a binary mapping of
these outcomes. Since P(0|0) > P(0|1), the MAP rule maps
to on-off detection: Click decides hypothesis 1, and no click
decides hypothesis 0. The false alarm probability is given by

1

coshr,
(29

Pea = P(click|0) = 1 —P(n=0]i=0) = 1 —

The miss detection probability is given by
Puyi=Pn=0li=1)

1 .
= exp(—|2ym|? + Re[e " (2y,,)*] tanh r,,).
cosh r,,

(30)

These equations clearly reveal that the residual squeezing 7,
reduces the vacuum component of £;™, thereby increasing the
false alarm probability, while 6,, modifies the vacuum overlap
of ¢;™ through the exponential term.

To gain deeper insight into the distinct behaviors of magni-
tude and phase mismatches, we can derive a unified analytical
expression for the error probability in the high-signal-energy
regime. As the signal energy N increases, the mean photon
number of the signal state ;™ far exceeds the resolution M
of the PNR detector, leading to a vanishing miss probability
(Pvii — 0). In this regime, the error probability of the IS-
Kennedy receiver is entirely dominated by the false alarm
probability. The MAP strategy is thus equivalent to a threshold
decision with njj = M: decide hypothesis 1 if the outcome
falls into the saturation bin n = M, and hypothesis O other-
wise. Since ¢;™ is a squeezed vacuum state with a nonzero
photon-number distribution only for even terms, as given by
Eq. (A2), the saturation error probability is given by

P ~ PFA = Z P (rm)
k [M/2]
 —— 2k)! tanh?(r,,
oy (26)!_tanh () 1)
2 22 (k)2 cosh(ry,)
k=[M/2]

Under the condition of small residual squeezing (r,, < 1), we
can apply the approximations tanh(r,,) =~ r,, and cosh(r,,) ~
1. The summation is then dominated by its leading term.
Defining npyi, = 2[M/2] as the minimum even-photon thresh-
old, we obtain a unified polynomial approximation:

Min!
2”'"'" [(Mmin/2) ']2

For the magnitude-only mismatch (Ar # 0, A6 = 0), the
residual squeezing is independent of the signal energy, given
by r,, & |Ar|. Substituting this into the unified formula yields

Po ~ —pf::m( rn) = ()™, (32)

1 nmin!
Perr ~

~ 2 ey AT 33

Since this expression is a constant independent of N, the error
probability inevitably saturates to a fixed floor.

Conversely, for the phase-only mismatch (Ar = 0, Af #
0), the residual-squeezing parameter grows monotonically
with the signal energy. Using Eq. (22), we have r, ~

[AG] s _ NWN+1)
-5 smh(2r) = |A9|w

formula gives

. Substituting this into the general

1 min! N(N + 1)) "™
Pume no i (ag TNE DNy
2 27min[ (Myyin /2)!1? 2N +1
In the large-N limit, the term Nz(gill) scales asymptoti-

cally as N/2. Consequently, the error probability scales
as P o< (JAG|N)™n. This reveals a critical physical dis-
tinction: Rather than producing an N-independent floor,
phase-only mismatch yields a leading error contribution that
grows polynomially with N in the small-residual-squeezing
regime.

Finally, a critical observation can be drawn from Egs. (31),
(33), and (34) regarding the role of the detector resolution
M. In the high-signal-energy regime, the error probability
is exclusively governed by the exponent ny, = 2[M/2], re-
gardless of the specific mismatch type. Because the value
of nmin only increments when M crosses an even integer
(for instance, transitioning from M = 2 to M = 3), increasing
the PNR resolution does not yield a continuous reduction
in the high-energy error probability. Instead, an improvement
in the error scaling is only achieved when the resolution is
effectively increased in steps of two, namely “parity-step ef-
fect.”

IV. SIMULATION METHODS AND RESULTS

The numerical results were obtained using QuTiP in
Python [23]. We model the receiver output states in a truncated
Fock space and compute the photon-number distributions
from the corresponding density operators. Unless otherwise
specified, the simulations use a cutoff N, = 100. We verified
numerical convergence by increasing the cutoff dimension
until the resulting error probabilities changed negligibly. For
each mean photon number N, the S-BPSK states were gener-
ated with the optimal squeezing fraction By = m\ivﬁ

Figures 3(a) and 3(b) illustrate the error probability for the
IS-Kennedy receiver with an SPD [PNR(1)] and a PNR(3)
detector, respectively. Several key observations can be made:

First, in the low-signal-energy regime (N < 0.5), the error-
probability curves under various mismatch conditions closely
track the ideal curve. This suggests that the IS-Kennedy re-
ceiver is naturally robust to inverse-squeezing mismatches at
low energies.

Second, there is a striking asymmetry between magni-
tude and phase mismatches. While magnitude-only mismatch
(Ar =0.02, A6 = 0) leads to a performance departure at
moderate N, its impact is much less severe than that of
phase mismatch. Notably, the curve for combined mis-
match (Ar = 0.02, A6 = 0.037) almost overlaps with the
phase-only mismatch curve. This phenomenon confirms
the “dominant masking effect” predicted by Eq. (21),
where the phase error, amplified by the squeezing process,
becomes the primary driver of r,, and thus dictates the overall
performance degradation.

Third, the high-energy behaviors reveal a fundamen-
tal physical distinction between the two mismatches. The
magnitude-only mismatch curve eventually flattens into a con-
stant error floor. In sharp contrast, curves containing phase
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FIG. 4. The maximum tolerable inverse-squeezing mismatch for which the IS-Kennedy receiver still outperforms the S-BPSK SQL, i.e.,

PISK

err

Abn.x /7 vs N. Results are shown for PNR(1), PNR(2), and PNR(3).

mismatch fail to saturate over the plotted range; after reaching
a minimum, the error probability rises with N, consistent
with the polynomial scaling predicted by Eq. (34) in the
small-residual-squeezing regime. This behavior confirms that
magnitude mismatch yields an N-independent error floor,
whereas phase mismatch leads to an N-dependent degradation
of the SQL advantage.

Fourth, while increasing the PNR resolution can effec-
tively lower the minimum error probability, this improvement
exhibits a characteristic “parity-step” behavior. Specifically,
enhancing the detector resolution M only yields a tangible
reduction in the error probability when the increment crosses
an even-integer threshold. The physical origin of this phe-
nomenon lies in the state transformation under mismatch:
¢5™ is a squeezed vacuum state, whose photon-number dis-
tribution contains only even photon numbers, as depicted in
Fig. 3(d).

Figure 3(c) further plots the error-probability ratio in dB
relative to the S-BPSK SQL, where negative values indicate
performance below the SQL error probability. In the ideal
case, the IS-Kennedy receiver preserves a clear advantage as
N increases. Under magnitude-only mismatch, this advantage
is largely maintained over a broad range of N, but is eventually
limited by the saturation effect. In contrast, phase mismatch
rapidly reduces the SQL advantage, and the error probability
even continues to rise at large N.

Figure 4 provides a more direct robustness metric by show-
ing the maximum tolerable inverse-squeezing mismatch for
which the IS-Kennedy receiver still outperforms the S-BPSK
SQL,i.e., Pgrer < PSS('fLPSK. As shown in Fig. 4(a), the tolerable
magnitude mismatch Arp,x is nonmonotonic in N. It first
increases, reaches its maximum in the low-to-intermediate
energy region, and then decreases at higher N. For PNR(1)
and PNR(2), the admissible range rapidly shrinks at large N,
whereas PNR(3) retains an additional tolerance window. A
similar trend is observed for the phase mismatch in Fig. 4(b),
but the tolerable phase error collapses more rapidly with in-
creasing N, in agreement with the enhanced phase sensitivity
predicted by Eq. (21). Moreover, the extra tolerance window
preserved by PNR(3) is consistent with the parity-step behav-
ior discussed above: Increasing the PNR resolution improves

< P5oi™K. (a) Maximum tolerable magnitude mismatch Arp, vs mean photon number N. (b) Maximum tolerable phase mismatch

mismatch robustness in a nonsmooth, thresholdlike manner
rather than continuously.

Overall, the simulations show that the IS-Kennedy receiver
is far more sensitive to phase mismatch than to magnitude
mismatch, and that finite-resolution PNR improves robustness
mainly against magnitude mismatch rather than imperfect
phase locking.

V. DISCUSSION AND CONCLUSION

In this study, we have clarified the residual-squeezing
mechanism underlying the performance degradation of
IS-Kennedy receivers due to squeezing mismatch. By formu-
lating a unified mismatch model, we showed that imperfect
inverse squeezing alters the photon-number statistics of the
nulled states, necessitating a transition from single-threshold
to complex MAP decision rules.

Our research identifies two key physical effects that dic-
tate the receiver’s robustness. First, we revealed a “dominant
masking effect”: The phase mismatch is scaled by a factor that
grows rapidly with signal energy [% sinh(2r)], making phase
control the primary determinant of performance in the high-
energy regime. Unlike magnitude mismatch, which results in
a saturable error floor, phase mismatch leads to a polynomial
growth of the leading error contribution and can therefore
rapidly destroy the SQL advantage. Second, we characterized
the “parity-step effect,” showing that PNR detectors enhance
robustness in a noncontinuous, thresholdlike manner. This
effect is a direct consequence of the even-photon distribution
of the residual squeezed vacuum state.

Together with our previous analysis of channel phase dif-
fusion and transmission loss [20], the present results further
clarify the practical operating regime of the IS-Kennedy re-
ceiver. Its main advantage lies in converting transmitter-side
squeezing into an enhanced effective coherent-state separa-
tion before photon counting, thereby enabling discrimination
performance beyond coherent-state benchmarks under favor-
able conditions. In the presence of transmission loss, this
squeezing-enabled advantage is progressively reduced; never-
theless, the IS-Kennedy can still outperform the conventional
Kennedy receiver over a finite propagation distance, par-
ticularly in the low-signal-energy regime [20]. Therefore,
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rather than targeting ultra-long-haul unamplified links, where
coherent-state signaling benefits from intrinsic robustness to
pure loss, the IS-Kennedy receiver is better suited to links with
limited propagation loss and sufficiently stable phase control.

These considerations also suggest clear directions for fur-
ther improvement. The strong sensitivity to squeezing-phase
mismatch identified here indicates that high-precision or
adaptive phase locking and phase compensation should be pri-
oritized over simply increasing the photon-number resolution.
Another natural extension is to jointly optimize the Kennedy
displacement together with the inverse-squeezing parame-
ters, which may partially compensate for mismatch-induced
changes in the photon-number statistics. More generally, joint
optimization of the transmitted squeezing resource and re-
ceiver parameters under channel loss and squeezing mismatch
may further enlarge the operating regime in which the IS-
Kennedy receiver provides a practical advantage.
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APPENDIX: FOCK-BASIS POPULATION OF SQUEEZED
VACUUM AND DISPLACED SQUEEZED STATES

Let the squeezed vacuum state and the displaced squeezed
state be denoted, respectively, as

S(z)10) and  D(x)S(2)10), (AD)

where the squeezing parameter is complex, z = re/? (with j =
~/—1).

The photon-number distribution of the squeezed vacuum
state is nonzero only for even photon numbers:

(2k)! tanh*(r)

22k(k1)2 cosh(r) ’

The photon-number distribution of the displaced squeezed
state can be expressed in terms of Hermite polynomials, H,,(-):

dss 1 (tanhr)” < ae /2 )
P = e (5 ) | e——
nlcoshr\ 2 /sinh 7 cosh r

X exp(—|ot|2 + Re[e 7 &?] tanh r).

i) = P () =0, (A2)
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